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Here  we  report  on  the  growth  by  molecular  beam  epitaxy  of  twin-free  CdTe(lli)B 
and  HgCdTe(111)B  epitaxial  layers. 

HgCdTe(lll)B  twin-free  layers  exhibit  very  different  structural  and  electrical 

oroperties  than  twinned  layers. 

HgCdTe(2ll)B  layers  grown  under  the  stringent  growth  control  required  for  twin- 
free  growth  in  (1 1 1)B  exhibit  outstanding  properties. 

Twin-free  CdTe(l11)B  have  been  grown  on  slightly  misoriented  GaAs(iOO)  substrate. 
FWHM  of  60  arcsec  have  been  obtained. 

CdTe(111)B,  CdTe(lOO)  and  HgCdTe(ll1)B  have  been  successfully  grown  on  Si(iOO) 
substrates. 


Composition  uniformity  of  0.7%  has  been  achieved  on  a  2-inch  diameter  Hg^CdyTe 
(x  =  0.22)  grown  by  MBE  on  a  GaAs(lOO)  substrate. 
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incorporates  very  differently  in  (1 1 1)B  and  (100)  orientation. 

A  low  energy  ion  technique  has  been  developed  in  the  Microphysics  Laboratory  in 
order  to  fabricate  p-n  junction.  This  technique  which  has  been  found  to  be 
inexpensive,  fast  and  reliable  provides  infrared  diodes  with  similar  performances 
than  ion  implanted  diodes. 

HgTe-CdTe  valence  band  discontinuity  has  shown  no  temperature  dependence  from 
300 K  and  50K  when  investigated  by  XPS  and  UPS.  Most  of  the  results  including 
magneto-optics  data  are  now  consistent  with  a  large  value  of  0.35eV. 

Stimulated  emission  from  Hg-based  layers  and  heterostructures  has  been  observed 
in  the  2-3ym  range.  The  threshold  input  optical  power  for  the  lasing  action  is 
lower  than  in  equivalent  III— V  compounds  laser  heterostructures. 

Preliminary  results  obtained  in  the  new  muitiwafer  machine  are  very  promising. 
CdTe  epilayers  grown  either  on  GaAs(100)  or  Si(100)  are  more  uniform  and  of 
much  better  quality  than  layers  grown  under  the  same  conditions  in  a  conventional 
MBE  machine. 


•V 


91  3 


06  093 


MOLECULAR  BEAM  EPITAXIAL  GROWTH, 
CHARACTERIZATION  AND  ELECTRONIC  DEVICE  PROCESSING 
OF  HgCdTe,  HgZnTe,  RELATED  HETEROJUNCTIONS 
AND  HgCdTe-CdTe  SUPERLATTICES 
NOV.  14,  1986  -  NOV.  13,  1989 


ADVANCED  MOLECULAR  BEAM  EPITAXY 
(MBE)  PROTOTYPE  FOR  Hg  BASED  ll-VI  SEMICONDUCTING 
ALLOYS  AND  HETEROSTRUCTURES 
OCT.  1,  1987  -  SEPT.  30,  1989 


DARPA  CONTRACT  MONITORED  BY  AFOSR 
#  F49620-87-C-002 1 

FINAL  REPORT 


Jean-Pierre  Faurie 
Microphysics  Laboratory 
University  of  Illinois  at  Chicago  Ci/(  M 


Acceslon  For 

NTIS  CRA&l 
DTIC  TAB 
Ufa.»aoui»ced 
Justification 


A va.ldbiiiiy  Co. 


Ava  l  a  i,  (oi 
Special 


Dist 


2 


The  goals  to  be  reached  during  this  contract  period  were: 

1.  The  growth  and  characterization  of  high  quality  HgCdTe  with  good  lateral 
uniformity  on  large  area  CdTe,  CdZnTe  and  GaAs  substrate. 

2.  The  understanding  and  the  control  of  the  doping  in  HgCdTe  alloys  by  stoich¬ 
iometry  adjustment  and/or  by  active  impurities. 

3.  The  growth  and  characterization  of  homojunctions  and  heterojunctions  made 
in  situ. 

4.  Photodiode  device  processing. 

5.  Surface  and  interface  studies. 

6.  1st  add-on  on  the  current  contract.  Design  and  installation  of  a  multiwafer 
prototype  MBE  machine  called  OPUS  45 

7.  Preliminary  experiments  on  the  OPUS  45  (This  work  was  supposed  to  be 
supported  by  a  second  add-on  which  has  never  been  awarded  to  the  Microphysics 
Laboratory) 


I  INTRODUCTION 


The  research  program  on  the  growth  by  Molecular  Beam  Epitaxy  of  Hg-based 
alloys  and  heterostructures  carried  out  in  the  Microphysics  Laboratory  at  the 
University  of  Illinois  at  Chicago  and  supported  by  this  contract  has  been  extremely 
successful.  Tremendous  progress  has  been  achieved  towards  the  improvement  of 
HgCdTe  and  related  heterostructures  in  terms  of  structural,  electrical  and  optical 
properties.  A  very  important  step  has  been  passed  through  in  the  control  of  the 
twinning  process  during  the  growth  in  the  (1 1 1  )B  orientation.  Furthermore,  it  has 
been  clearly  established  for  the  first  time  that  twins  or  related  dislocations  are 
"acting  as  acceptors  in  HgCdfe'  ahd  are  detrimental  for  diode  performance,  what 
was  suspected  but  never  proved  until  our  conclusive  experiments. 

In  1988  it  appears  very  clearly  that  microstructural  defects  present  in  HgCdTe 
layers  grown  in  the  (1 1 1  )B  orientation  have  an  adverse  effect  on  diode  performance 
and  have  a  determining  influence  on  structural  and  electrical  properties  as  well  as 
on  the  intrinsic  and  extrinsic  doping  of  HgCdTe. 

The  decision  taken,  after  such  a  conclusion,  was  to  overcome  the  twinning 
problem  in  the  (1 1 1)B  orientation  and  not  to  turn  the  problem  by  growing  in  a 
different  crystallographic  orientation.  It  will  be  explained  In  part  11-1  why  facing 
the  twinning  problem  in  (1 1 1  )B  was  so  important.  In  1988  and  1989  understanding 
and  solving  the  twinning  problem  in  CdTe  grown  either  on  CdTe,  GaAs  and  recently 
on  Si  and,  above  all,  in  HgCdTe  has  been  one  of  the  driving  forces  in  the  Microphysics 
Laboratory. 

It  is  important  to  point  out  that  most  of  the  layers  or  heterostructures  which 
have  been  tested  during  this  contract  period  are  (1 1 1)B  twinned  structures  and 
therefore  are  not  representative  of  the  state-of-the-art  of  the  Microphysics 
Laboratory  at  the  end  of  the  contract  period  i.e.  November  1989.  This  should  be 
kept  in  mind  while  reading  this  report. 

The  last  year  especially  has  been  extremely  rich  in  terms  of  achievements 

since  in  addition  to  the  understanding  and  control  of  the  twinning, _ the  direct 

growth  of  CdTe  and  HgCdTe  on  Si(100)  has  been  obtained,  the  stimulated  emission 
in  HgCdTe  single  layer  and  double  heterostructures  ha$.  been  observed  for  the 
first  time  in  MBE  grown  HaCdTe  and  the  role  of  the  crystallographic  orientation 
on  the  intrinsic  and  extrinsic  doping  using  Indium  has  been  discovered.  In  addition, 
a  new  approach  using  low  energy  ion  has  been  taken  in  order  to  fabricate  photodiodes. 


This  approach  is  inexpensive,  fast  and  reliable.  High  performance  photodiodes  have 
already  been  fabricated.  These  results  attest  to  the  high  quality  of  HgCdTe 
epilayers  grown  by  MBE  and  also  give  us  a  strong  confidence  in  our  photodiode 
technology. 

In  July  1989  a  new  MBE  machine,  OPUS  45,  which  is  a  prototype  MBE  equipment 
for  mass-production  has  been  installed  in  the  Microphysics  Laboratory.  This  Gallium- 
free  multiwafer  machine  which  has  the  capability  of  handling  a  5-inch  diameter 
substrate  or  any  other  combination  should  be  fully  tested  during  the  next  contract 
period.  Our  future  goal  is  to  demonstrate,  with  the  help  of  this  machine,  that  high 
quality  HgCdTe  suitable  for  high  performance  photodiodes  and  FPAs  can  be  grown 
on  large  area  substrates  by  MBE  at  a  lower  price  than  by  LPE  or  by  OMCVD. 

The  machine  has  been  tested  and  acceptance  tests  have  been  performed.  In 
addition,  CdTe  epilayers  have  been  grown  on  2-inch  GaAs(IOO)  and  Si(lOO)  substrates. 
Electron  and  X-ray  diffraction  both  indicate  that  the  structural  quality  of  these 
epilayers  is  higher  than  the  one  observed  for  CdTe  epilayers  grown  in  the  2300 
RIBER  machine.  This  last  part  of  the  work  was  supposed  to  be  supported  by  a 
second  add-on  to  the  current  contract  (the  first  add-on  has  been  awarded  to  pay 
for  OPUS  45)  but  the  money  was  never  received  by  the  Microphysics  Laboratory. 

This  research  activity  has  been  materialized  by  59  papers  published  in  refereed 
journals,  13  invited  conferences  and  62  contributed  papers  mostly  pres?  ,ted  at 
international  meetings. 


II  GROWTH  OF  Hg^CdxTe  ON  CdTe(111)B  BY  MBE 


11-1  TWIN  FORMATION 

In  terms  of  growth  achievement  about  700  epilayers  of  HgCdTe  have  been  grown 
during  this  contract.  Half  of  them  have  been  grown  on  CdTe  and  CdZnTe  substrate 
and  the  rest  primarily  on  GaAs  substrates.  One  of  the  major  problems  encountered 
in  the  growth  of  HgCdTe  when  a  vapor  phase  technique  such  as  MBE  is  used  is 
the  formation  of  twins.  From  the  current  work  of  different  laboratories  involved 
in  the  fabrication  of  IR  photodiodes  it  appears  that  the  presence  of  twins  is 
highly  deleterious  for  photodiode  performances.  Actually  it  is  thought  that  what 
is  detrimental  to  diode  is  the  existence  of  dislocations  associated  with  the  twins. 
An  Etch  Pit  Density  (EPD)  count  of  1x10®cm2  or  less  is  considered  to  be  necessary 
to  achieve  good  photodiodes.  The  (1 1 1)B  orientation  is  particularly  vulnerable  to 
the  twin  formation  but  the  other  orientations  such  as  (211)B  and  (311)B  are  also 
sensible  to  twinning.  In  addition,  we  think  that  hillock  formation  observed  during 
the  growth  in  the  (100)  orientation,  which  is  highly  detrimental  to  MIS  structure, 
is  also  twin  related.  Therefore,  identifying  and  solving  the  twinning  problem  was 
one  of  our  major  concern  during  the  current  contract. 

The  (111 )B  orientation  despite  its  easiness  to  form  twins  is  a  very  important 
orientation  because  the  mercury  consumption  is  lower  than  in  the  (100)  orientation/1) 
surfaces  and  interfaces  usually  are  very  smooth  in  the  (lll)B  plane,  CdTe  and 
CdZnTe  substrates  are  obtained  in  high  yield  in  this  orientation  and  it  is  so  far 
the  most  favorable  orientation  to  grow  on  GaAs(lOO)  sub* Tates. 

Detailed  investigations  involving  electron  microscopy,  cathodoluminescence  (CL) 
chemical  etching,  x-ray  diffraction  as  welt  as  electron  channeling  pattern  (ECP) 
have  revealed  the  presence  of  twins  in  CdTe  and  HgCdTe  epilayers  grown  in  the 
(1 1 1  )B  orientation. 

In  zinc-blende  structure  the  twinning  illustrated  in  Fig.  1  is  very  often 
observed.  It  is  a  "rotation"  type  of  twin  corresponding  to  a  180°  rotation  about 
the  [ill]  normal  direction.  The  stacking  of  (111)  plane  in  the  fee  structure 
changes  from  abc  type  I  configuration  to  acb  type  II  configuration.  The  two 
stackings  are  equivalent,  the  changes  require  very  low  formation  energy  since 
Cd(Hg)  -  Te  bonds  are  preserved.  This  change  can  therefore  occur  several  times 
during  the  growth.  This  kind  of  twinning  is  sometimes  called  lamellar  twinning. 


During  the  first  step  of  epitaxial  growth,  islands  can  be  formed  which  will  grow 
and  coalesce  to  form  the  epitaxial  film.  These  islands  may  be  of  type  I  or  type 
II  configuration  since  they  are  energetically  almost  equivalent  (Fig.  2).  Therefore, 
twin  boundaries  will  exist  after  island  coalescence  and  twin  domains  will  grow  in 

a  columnar  form.  This  kind  of  twinning  which  is  also  of  a  rotation  type  is 

sometimes  called  double  positioning  twinning. 

These  two  kinds  of  rotation  twins  can  coexist  in  the  crystal  but  one  or  both 

can  disappear  during  the  growth.  It  is  difficult  to  observe  rotation  twins  during 
the  MBE  growth  by  electron  diffraction  because  the  streaked  (2D)  patterns  of 

type  I  and  type  II  configuration  are  identical  to  twin-free  streaked  patterns  and 
sometimes  roughening  of  the  surface,  which  allows  3D  diffraction,  is  not  large 
enough.  The  twinned  domains  present  in  the  crystal  are  visible  on  the  surface  of 
the  crystal  under  scanning  electron  microscopy  or  cathodoluminescence  investigations 
on  the  form  of  close  loops  as  illustrated  in  Fig.  3  for  a  CdTe  layer. 

Electron  channeling  pattern  can  also  help  in  the  discovery  of  twins  Fig.  4a.b 
shown  two  simulated  ECP  of  a  twin-free  and  a  twinned  crystal.  The  (113)  plane 
family  has  a  3-fold  symmetry  illustrated  in  a  form  of  a  regular  triangle  in  a  twin- 
free  configuration  whereas  in  a  twinned  configuration  a  second  inverted  triangle  is 
revealed.  Fig.  4c  shows  the  ECP  pattern  of  a  twinned  CdTe  layer  similar  to  the 
one  illustrated  in  Fig.  4b 

These  two  kinds  of  twinning  can  occur  in  both  CdTe  and  HgCdTe.  In  HgCdTe 
however  due  to  the  high  mercury  flux  used  during  the  growth  we  think  that  a 
third  kind  of  twinning  illustrated  in  Fig.  5  can  occur.  This  reflection  type  twin 
is  formed  by  a  mirror  reflection  with  respect  to  the  (111)  twin  plane.  This 
produces  a  change  in  the  polarity  of  the  face  by  creating  an  anti-phase  boundary. 
As  shown  in  Fig.  5  Hg-Hg  bonds  which  usually  require  high  formation  energy 
occur  at  the  plane  of  the  reflection  twin  when  the  Hg  flux  is  to  high.  This 
twinning  does  not  occur  across  the  entire  area  of  the  wafer  therefore  the  growing 
surface  exhibits  (1 1 1  )B  and  (lll)A  orientation  simultaneously.  The  growth  rate  of 
(1 1 1  )B  and  (1 1 1  )A  faces  being  different^)  a  surface  roughning  allowing  the  observation 
of  extra  dots  in  the  RHEED  pattern  is  associated  with  this  kind  of  twinning. 

During  the  growth  of  HgCdTe  in  the  (1 1 1)B  orientation  the  presence  of  extra 
dots  due  to  twinning  are  observed  when  the  Hg  flux  is  too  high  for  a  selected 
substrate  temperature.  A  decrease  in  the  Hg  flux  or  an  increase  in  the  substrate 
temperature  produce  rapidly  a  change  in  the  RHEED  pattern,  extra  dots  are 


disappearing  and  the  spotty  pattern  is  transformed  into  a  streaky  one.  This  is 
expected  since  a  (1 1 1)A  face  is  a  Hg  terminated  unstable  face  requiring  a  high  Hg 
flux.  A  new  antiphase  boundary  with  Te-Te  bond  is  created  reversing  the  (1 1 1 ) A 
to  a  (1 1 1 )B  face. 

Fig.  6  is  a  TEM  picture  of  a  HgCdTe  (1 1 1  )B  layer  grown  on  a  CdTe(111)B/Ga- 
As(100)  substrate.  It  can  be  seen  that  the  CdTe  layer  grown  on  GaAs  is  full  of 
lamellar  twins.  At  the  initiation  of  HgCdTe  growth  twins  were  visible  on  the  RHEEO 
pattern.  The  growth  conditions  were  kept  the  same  for  a  while  and  then  the 

substrate  temperature  was  increased  by  5°C.  Almost  instantaneously  the  RHEED 
changes  for  a  twin  free  related  electron  diffraction  pattern.  The  TEM  micrograph 
confirms  our  in  situ  observation  since  a  twin  is  visible  in  the  HgCdTe  layer  and 

the  position  where  the  twin  has  disappeared  corresponds  very  precisely  to  the 
Change  in  the  substrate  temperature  and  the  RHEED  pattern.  High  resolution 
transmission  electron  microscopy  (HRTEM)  has  not  been  able  to  confirm  yet  the 
"reflection"  nature  of  the  twin  since  it  is  extremely  difficult  to  reveal  fine  details 

of  atomic  structure.  However,  it  is  highly  probable  that  this  kind  of  twinning 
occurs  when  the  Hg  flux  is  too  high. 

REFERENCES: 

S.  Sivananthan,  X.  Chu,  J.  Reno  and  J.P.  Faurie,  J.  Appl.  Phys.  60,  1359  (1986) 
FIGURE  CAPTIONS: 

Fig.  1  Lamellar  or  stacking  fault  twin  formed  by  a  180°  rotation  about  the 

[ill]  direction 

Fig.  2  Double  positioning  twin  formed  by  a  180°  rotation  about  the  [ill]  direction 
Fig.  3  Cathodoluminescence  image  of  a  twinned  CdTe(1ll)B  epilayer 
Fig.  4  Electron  channeling  pattern  simulation  of  a  CdTe  crystal  along  the 

(ill)  axis  (a)  twin  free  crystal;  (b)  twinned  crystal;  (c)  ECP  pattern 
of  a  twinned  CdTecrystal 

Fig.  5  Reflection  twin  formed  by  a  mirror  reflection  with  respect  to  the 
(ill)  plane 

Fig.  6  Transmission  electron  microscopy  of  a  HgCdTe(111)B/GaAs(100)  substrate. 

Only  CdTe  epilayer  exhibiting  numerous  lamellar  twins  and  HgCdTe  epilayer 
are  visible. 
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11-2  CdTe(111)B  TWIN-FREE  EPILAYERS 
11-2-1  CdTe(1 1 1  )B/CdTe(l  1 1)B 


The  growth  conditions  for  the  homoepitaxial  MBE  growth  of  CdTe  onto  CdTe(111)B 
have  been  investigated  thoroughly.  The  details  are  given  in  the  attached  paper. 

Surface  cleaning  and  growth  parameters  have  been  thoroughly  investigated  in 
order  to  prevent  the  twinning.  Concerning  CdTe,  'reflection''  type  twin  is  very 
unlikely  to  occur  when  using  a  single  effusion  source  which  deliver  a  highly  constant 
Cd/Te  flux  ratio.  Therefore  in  CdTe  case  only  the  formation  of  the  two  kinds  of 
'rotation*  type  twins  has  to  be  prevented.  Double  positioning  twin  which  starts 
at  the  substrate  epilayer  interface  seems  to  be  substrate  surface  preparation 
related.  Regarding  lamellar  twins,  which  form  during  the  growth  we  have  not  yet 
precisely  identified  which  parameter  is  triggering  their  formation.  Concerning 
CdTe  <1 1 1)B  homoepitaxial  growth,  it  has  been  found  that  twinning  does  not  occur 
when  the  growth  temperature  is  around  335eC  but  also  if  a  pre-cleaning  at  335° 
of  the  CdTe  substrate  has  been  done  prior  to  a  growth  at  250°C. 

ATTACHED  PAPER: 

1.  "Study  of  CdTe(l1l)B  epiiayers  grown  by  Molecular  Beam  Epitaxy* 


Study  of  CdTe(1 11)S  epilayers  grown  by  molecular-beam  epitaxy 

Q.  Monfroy.S.  Sivanan than,  and  J.P.  Faurie 

Department  of  Physics,  University  of  Illinois  at  Chicago,  Chicago.  Illinois  60680 

J.  L  Reno 

Sandia  National  Laboratories,  Albuquerque,  New  Mexico  87185 
(Received  1 1  October  1988;  accepted  2  November  1988 ) 

The  growth  of  high-quality  Hg,_,CdtTe(  111)5  epitaxial  layers  involves  the  growth  of  a 
CdTe(  111)5  buffer  layer,  whether  the  growth  is  performed  onto  related  or  foreign  substrates. 
CdTe(  111)5  layers  have  been  investigated  using  the  x-ray  double-crystal  rocking  curve  and  the 
cathodoluminescence  imaging  techniques.  The  optimization  of  the  growth  conditions  for 
CdTe(lll)5  layers  is  presented  for  a  high-quality  homoepitaxy.  The  heteroepitaxy  of 
CdTe(  1 1 1  )5  on  GaAs(  100)  substrates  is  then  discussed,  in  the  case  of  GaAs  substrates  oriented 
(100),  misoriented  by  2*  towards  [110],  and  misoriented  by  5*  towards  [111].  The  results 
indicate  that  a  2*  misorientation  leads  to  CdTe(  333 )  peaks  with  full  width  at  half-maximum  up  to 
four  times  narrower  then  either  of  the  other  orientations  tested.  Furthermore,  only  threading 
dislocations  were  visible  on  this  orientation  by  cathodoluminescence  imaging. 


I.  INTRODUCTION 

The  growth  by  molecular-beam  epitaxy  (MBE)  of 
CdTe(  1 1 1  )5  buffer  layer  is  very  important  for  the  growth  of 
high-quality  Hg,  _,CdxTe  (MCT)  epilayers.  Whether  the 
MCT  is  grown  on  related  substrates  (i.e.,  CdTe(  111)]  or 
foreign  substrates  [i.e.,  GaAs(100)],  there  is  need  for  a 
CdTe(  111)  buffer  layer  to  minimize  the  defect  density  in  the 
active  MCT.  Therefore,  the  quality  of  this  buffer  layer 
should  be  such  that  it  does  not  limit  the  performances  of  the 
active  HgCdTe. 

Recently,  Oron  et  a/.1  studied  the  homoepitaxy  of  CdTe 
grown  by  metalorganic  chemical  vapor  deposition,  report¬ 
ing  x-ray  double-crystal  rocking  curves  (DCRC’s)  peaks 
with  full  width  at  half-maximum  (FWHM)  between  400 
and  800  arc  s.  The  growth  of  CdTe(  111)5  by  MBE  leads  to 
different  results,  and,  in  particular,  to  narrower  FWHM.  In 
this  paper,  the  influence  of  the  growth  conditions  on  the 
quality  of  the  CdTe(  111)5  buffer  layer  will  be  presented, 
together  with  cathodoluminescence  (CL)  imaging  results 
indicating  that  the  presence  of  twins  is  very  likely  to  be  re¬ 
sponsible  for  our  observations. 

In  spite  of  the  significant  improvements  in  the  quality  of 
the  CdTe  substrates  in  the  last  few  years,  they  are  still  not  as 
good  as  GaAs  substrates.  Also,  these  latter  are  available  with 
large  surface  area  and  are  cheaper  than  CdTe  substrates.  For 
these  reasons,  the  growth  of  CdTe  on  GaAs  has  been  widely 
studied.  Recently,  the  possibility  of  growing  highly  uniform 
HgCdTe  layers  on  a  full  2-in.  GaAs  wafer  has  also  been 
demonstrated.2  Several  types  of  buffer  layers  have  been  in¬ 
vestigated.  among  which  graded  Cd,  _,Zn,Te  alloys,3  for 
example.  However,  segregation  problems  have  been  encoun¬ 
tered  in  the  growth  of  such  alloys  by  MBE,4  inducing  struc¬ 
tural  defects  in  the  buffer  layer  itself.  CdTe(lll)5  is  an¬ 
other  candidate  as  a  buffer  layer.  Up  until  recently,  no 
attempts  had  been  reported  on  the  growth  of  CdTe(  111)5 
on  misoriented  GaAsf  100)  substrates.9  It  has  been  demon¬ 
strated  for  the  growth  of  GaAs  and  AlGaAs  on  GaAs4  and 
GaAs  on  Si7  that  misorienting  the  substrate  could  improve 


the  quality  and  the  morphology  of  the  epitaxial  layers.  Three 
substrate  orientations  were  used  in  this  study: 
GaAs(  100)  ±  0.25*,  2*  off  towards  [  1 10],  and  5*  off  towards 
[111M.  X-ray  DCRC  and  CL  results  along  with  tilt  mea¬ 
surements  between  the  substrate  and  the  epilayers  are  re¬ 
ported  in  this  paper. 

II.  EXPERIMENTAL  DETAILS 

The  layers  grown  on  CdTe(  111)5  substrates  have  been 
fabricated  in  the  Microphysics  Laboratory  at  the  University 
of  Illinois  at  Chicago  using  a  Riber  2300  MBE  machine  with 
a  single  CdTe  effusion  cell.  All  the  substrates  were  from  Gal- 
tech  Semiconductors,  Inc.  and  were  etched  in  a  bromine- 
methanol  solution  before  being  loaded  in  the  ultrahigh  vacu¬ 
um  chamber.  They  were  then  in  situ  thermally  cleaned  by 
annealing  at  300  *C  for  5  min  prior  to  CdTe  growth  The 
substrate  temperature  was  varied  from  200  to  335  °C  ana  the 
growth  rates  from  0.5  to  4.2  A/s.  Most  of  the  layer  thick¬ 
nesses  were  kept  —  3 /am.  which  corresponds  to  enough  mat¬ 
ter  to  observe  a  well-shaped  diffraction  peak  for  the  epi laser 
and  still  allows  for  the  substrate  reflection  to  be  diffracted 
through  with  enough  intensity. 

The  layers  grown  on  GaAs  substrates  were  fabricated  at 
Sandia  National  Laboratories.  The  substrates  were  cleaned 
using  the  standard  procedure  of  etching  in  H  SO, 
H:0::H,0  (5:1:1)  and  HC1.  All  three  orientations  were 
mounted  on  the  same  molybdenum  block  and  loaded  into 
ultrahigh  vacuum.  The  samples  were  then  heated  to  otX)  C 
to  remove  the  oxide  and  then  cooled  to  300 *C  before  the 
growth  of  CdTe.  Typically,  two  growth  rates  were  used  I 
and  2  A/s.  The  CdTe  layer  thicknesses  were  also  varied  from 
2.5  to  1 5.5  fi  m  to  determine  the  effect  of  these  parameters  on 
the  layer  quality. 

X-ray  double-crystal  rocking  curves  of  the  CdTei  333 1 
and  GaAs (400)  reflections  were  recorded  using  a  copper 
anode  ( wavelength:  1.540A)  and  Si(  33 1 )  and  Gel  100 1  ret- 
erence  crystals,  respectively.  In  order  to  check  the  homo¬ 
geneity  of  the  samples,  several  points  were  measured  on  eac  h 
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sample  using  a  broad  incident  beam  (4  mm2).  The  average 
FWHM  and  their  corresponding  standard  deviations  were 
calculated. 

“Full  rotation”  double-crystal  rocking  curve  analysis* 
was  performed  on  the  same  diffractometer  from  Blake  In¬ 
dustries,  Inc.  The  Si  (331)  reference  crystal  was  used  for 
samples  grown  on  CdTe  substrates  and  Ge(100)  for  the 
samples  grown  on  GaAs.  This  technique  consists  in  follow¬ 
ing  the  evolution  of  the  angular  spacing  between  the  sub¬ 
strate  and  the  epilayer  reflections  while  rotating  the  sample 
about  its  normal  and  keeping  the  x-ray  beam  position  fixed 
(Fig.  1). 

The  cathodoluminescence  images  were  acquired  in  a 
JEOL  JXA  840  scanning  electron  microscope,  using  a  1 5-k  V 
incident  beam  emitted  from  a  tungsten  filament  and  a  probe 
current  of  ~  10-7  A.  The  working  distance  was  set  at  15 
mm.  The  CL  signal  was  detected  by  a  photomultiplier  fitted 
with  an  infrared  filter.  The  detection  range  is  from  700  to 
1200  nm. 

III.  RESULTS  AND  DISCUSSION 
A.  Growth  on  CdTo(1 11)5  substrates 

Due  to  its  closeness  in  lattice  parameter  (  <0.3%  mis¬ 
match),  CdTe  is  an  obvious  choice  for  substrate  material  to 
grow  HgCdTe.  To  initiate  the  MCT  growth,  a  thin  CdTe 
buffer  layer  is  grown,  using  a  single  CdTe  effusion  cell. 
Though  such  a  homoepitaxy  should  be  straightforward,  it  is 
very  important  to  optimize  the  growth  conditions,  as  will  be 
discussed  in  the  course  of  this  paper.  Indeed,  x-ray  double¬ 
crystal  diffraction  patterns  exhibit  two  peaks,  a  sharp  one 
attributed  to  the  substrate  and  a  second  peak,  much  broader, 
shifted  towards  higher  d  spacings,  attributed  to  the  epilayer 
reflection  ( Fig.  2).  The  evolution  of  the  spectrum  has  been 
studied  as  a  function  of  the  growth  parameters.  Table  I  lists 
the  characteristics  of  the  samples  which  have  been  studied 
by  x-ray  diffraction.  The  average  FWHM  and  their  corre¬ 
sponding  standard  deviations  calculated  for  each  sample 
and  for  both  peaks,  are  also  reported  in  Table  I.  along  with 


Reflected 


Fig.  I .  Full  rotation  double-crystal  rocking  curve  analyst*.  Schematic  dia¬ 
gram  of  Bragg  reflection  from  Aim  and  substrate. 


the  average  angular  spacing  between  peaks  and  its  standard 
deviation. 

Inspection  of  the  FWHM  of  the  peaks  attributed  to  the 
epilayer  indicates  a  narrowing  of  the  reflection  when  the  sub¬ 
strate  temperature  is  increased  from  200  to  335  *C.  In  addi¬ 
tion,  the  angular  spacing  between  peaks  is  also  decreased 
when  the  growth  temperature  is  raised. 

Another  important  observation  concerns  the  width  of  the 
peak  attributed  to  the  substrate.  The  substrates  have  been 
carefully  investigated  prior  to  growth,  in  order  to  compare 
the  width  of  the  reflection  before  and  after  growth.  Before 
growth,  a  typical  FWHM  for  the  substrates  was  between  20 
and  25  arc  s.  There  is,  indeed,  a  broadening  of  this  reflection. 
The  magnitude  of  this  broadening  decreases  when  the 
growth  temperature  is  increased. 

Several  causes  which  could  be  responsible  for  these  obser¬ 
vations  have  been  investigated.  A  possible  tilt  between  the 
substrate  and  the  epilayer  (111)  planes  was  investigated  by 
full  rotation  DCRC  analysis.  The  results  indicate  that,  with¬ 
in  the  accuracy  of  our  measurements  (  <  50  arc  s),  there  is 
no  tilt. 

The  fact  that  the  two  peaks  are  brought  closer  together 
when  the  substrate  temperature  is  increased  suggests  a  possi¬ 
ble  stoichiometry  deviation  problem  in  the  substrate  and/or 
the  epilayer.  As  a  matter  of  fact,  an  increase  in  T brings  the 
growth  conditions  of  the  MBE  layer  closer  to  that  of  the  bulk 
CdTe.  The  angular  spacing  corresponds  to  a  mismatch  of 
-0. 15%  which  seems  large.  However,  variations  in  the  lat¬ 
tice  parameters  of  CdTe  grown  from  melt  solutions  have 
been  reported  in  the  literature  indicating  mismatches  of  the 
same  order:  6.480  A  for  a  Cd-rich  to  6.488  A  for  a  Te-nch 
melt.9  To  test  this  assumption.  CdTe  MBE  layers  have  been 
grown  under  an  excess  Te  flux  and  an  excess  Cd  flux  pro¬ 
vided  by  the  adjunction  of  extra  cells  of  pure  Te  and  pure  Cd. 
The  excess  Cd  induces  a  broadening  of  the  reflection  along 
with  a  decrease  in  the  angular  spacing  between  peaks.  The 
excess  Te  leaves  the  angular  spacing  nearly  unchanged,  but 
narrows  the  reflection  widths.  In  view  of  these  observations, 
it  seems  unlikely  that  the  stoichiometry  deviation  is  respon¬ 
sible  for  the  noncoherent  growth  of  CdTe(  111)5 

The  fact  that  the  excess  Te  flux  narrows  the  reflection 
widths  is  important  and  is  currently  under  investigation  It 
can  be  seen  from  Table  I  that  the  excess  Te  leads  to  an  im¬ 
provement  of  the  structural  quality  of  the  layers  for  a  given 
temperature.  The  layer  quality  obtained  at  250  °C  with  an 
excess  Te  is  equivalent  to  that  of  samples  grown  at  300  ’C 
using  a  CdTe  effusion  cell  only.  It  has  been  demonstrated1" 
that  the  growth  on  CdTe(  111)5  faces  at  300  ’C  under  Te 
flux  led  to  an  increase  in  the  growth  rate  from  0  5  um  h  i  no 
excess  Te)  to  0.64  /itn/h  (excess  Te).  Such  a  growth  rate 
corresponds  to  what  has  been  observed  for  a  growth  at 
200  °C  using  a  single  CdTe  effusion  cell.  It  is  also  reported 
that  when  the  growth  is  performed  on  a  ( 1 1 1  'Te  face.  ;t  is 
controlled  by  the  Te.  If  the  growth  rate  increases  under  an 
excess  Te  flux,  it  indicates  that,  with  a  single  CdTe  ceil  only, 
the  growth  is  carried  out  under  active  atomic  Te-dericient 
conditions.  For  these  reasons,  we  believe  that  it  is  very  im¬ 
portant  to  investigate  the  growth  of  CdTe(  111)5  under  ex¬ 
cess  Te  flux.  This  could  lead  to  an  improvement  in  the  crys- 
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Substrata 


Fig.  2.  CdTel  111  )B  eptlayer  grown  on 
CdTel  111)5  substrate  CdTe(  333 )  re¬ 
flection  using Cu (  -  1.340  A)  and 
Si(33!)  as  a  reference  crystal.  Part  of 
the  CdTe  grows  coherently  with  the  sub¬ 
strate  while  the  twinned  orientation 
gives  rise  to  a  second  peak. 


talline  quality  and  a  lowering  of  the  growth  temperature. 
However,  the  possible  occurrence  of  Te  inclusions  will  then 
have  to  be  considered. 

There  have  been  several  reports  in  the  literature  about  the 
twinning  occurring  in  the  crystals  having  a  zinc-blende 
structure,  and.  in  particular,  in  the  €UTe  system. ' 1  One  of 
the  consequences  of  twinning  on  an  x-ray  diffraction  spec¬ 
trum  is  a  broadening  of  the  reflection  together  with  a  slight 
shift  of  its  angular  position.1’  In  view  of  these  results,  our 
observations  could  be  interpreted  as  follows.  The  CdTe  crys¬ 
tal  is  growing  partially  coherently  with  the  substrate,  which 
accounts  for  the  broadening  of  the  peak  attributed  to  the 
substrate.  The  second  peak,  which  is  broader  and  shifted, 
would  be  the  reflection  from  the  twinned  orientation.  If  the 
growth  conditions  are  not  optimized,  both  the  matrix  and 
the  twinned  orientations  coexist  in  the  samples.  This  inter- 


T able  I.  Characteristics  of  CdTel  11115  samples  grown  on  CJTet  111)5 
substrates.  T  is  the  substrate  temperature:  G.  R.,  the  growth  rate: 
FWH.MSD.  the  average  full  width  at  half-maximum  of  the  reflection  and 
its  standard  aeviation:  delta  d  SD.  the  angular  spacing  between  the  sub¬ 
strate  and  the  eptlayer  peaks  and  its  standard  deviation. 
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3.8 
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'6 

36 

3 
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12 

44 
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0.3 

3.0 
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25 
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15 

46 
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0.9 
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144 

23 

41 

6 

40 

62A 
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1.3 

5.0 
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7 

57 

12 
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13 

50 
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1.7 

4.4 

352 

16 

53 

6 

232 

26 

43 

250 

1.8 

2.9 
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25 

36 

3 

196 

8 

45 

230 

3.3 

3.2 

318 

25 

54 

1 

237 

42 

48 

250 

4.2 

3.0 

205 

13 

33 

■y 

>22 

10 

51 

•00 

1.1 

2.9 

169 

7 

182 

3 

52 

335 

1.4 

7.3 

49 

7 

53 

335 

3.0 

7.5 

116 

23 

60A  -t-  Te 

230 

1.4 

2.5 

155 

4 

25 

3 

223 

8 

63A  -t-  Cd 

250 

1.4 

<5.0 

very  broad 

pretation  is  corroborated  by  three  important  results.  First. 
CL  images  exhibit  a  collection  of  dark  closed  loops  [  Fig. 
3(a)  ]  surrounding  microdomains,  whose  size  and  density 
x  decrease  when  the  substrate  temperature  is  raised.  These  mi¬ 
crodomains.  which  are  currently  under  investigation,  are  as¬ 
sumed  to  be  microtwins.  The  second  important  result  is  the 
fact  that,  on  sample  62A  whose  CdTe  thickness  is  5  fim.  two 
peaks  are  still  3Bservable.  In  addition,  the  peak  in  position  of 
the  substrate  is  still  more  intense  than  the  peak  in  position  of 
the  epilayer.  This  confirms  the  fact  that  two  orientations  are 
growing.  It  also  indicates  that  the  twinned  crystal  is  slightly 
misoriented  with  respect  to  the  matrix  in  order  to  give  rise  to 
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Fig.  3.  Typical  cathodolummescence  images:  ia)  Cj f,  -t  n 

GjAm  100)  (similar  pictures  were  observed  for  Car.-  a  n 

CdTet  1 1 1  >51  and  i  b )  CdTel  1 1 1  )B  on  GaAsI  100)  off  2* ua« 

1 similar  images  were  observed  for  CdTe  on  GaAsi  100 1  if  ‘  wjros 
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a  second  diffraction  peak  in  the  DCRC  spectrum.  Finally, 
the  third  important  result  comes  from  the  x-ray  diffraction 
and  CL  observations  made  on  samples  grown  at  33S  °C.  CL 
images  of  these  samples  exhibit  very  few  microdomains,  and 
of  very  small  sizes.  In  addition,  single  peaks  were  recorded 
with  FWHM  as  low  as  40  arc  s.  Furthermore,  layer  52  was 
etched  step  by  step  and  the  DCRC  spectra  exhibited  a  single 
diffraction  peak  all  the  way  down  to  the  substrate. 

From  inspection  of  Table  I,  it  seems  that  the  FWHM  of 
both  reflections  decrease  when  the  growth  rate  increases. 
However,  the  growth  rate  seems  to  have  no  influence  on  the 
angular  spacing  between  the  two  peaks. 

For  these  reasons,  we  believe  that  the  optimization  of  the 
growth  conditions  are  very  important  for  the  homoepitaxy 
of  CdTe(  111)2?  layers,  in  particular,  the  substrate  tempera¬ 
ture.  If  the  substrate  temperature  is  too  low,  twins  are  initiat¬ 
ed  which  propagate  throughout  the  crystal,  limiting  its  crys¬ 
talline  quality.  As  a  consequence,  these  results  are  also  very 
important  in  order  to  limit  the  twinning  during  the  growth  of 
HgCdTe(  111)5. 

B.  Growth  on  GaAs  substrates 

Because  of  the  large  mismatch  between  GaAs  and 
HgCdTe  (  ~  14.6%),  it  is  necessary  to  first  grow  a  buffer 
layer  on  the  GaAs. 

CdTe  buffer  layers  have  been  grown  simultaneously  on 
three  GaAs  substrate  orientations:  GaAs(  100),  GaAs(  100) 
off  2*  towards  [110],  and  GaAs  off  5*  towards  (lllj/4. 
These  layers  have  been  investigated  by  double-crystal  x-ray 
diffraction.  Table  II  lists  the  characteristics  of  the  studied 
layers  along  with  their  FWHM  and  standard  deviations. 

DCRC  recorded  on  the  CdTe(333)  reflections  exhibit 
consistently  lower  FWHM  on  substrates  misoriented  by  1° 
than  on  the  other  tested  orientations.  Though  the  standard 

Table  II.  Characteristics  of  the  CdTe(  111)5  samples  grown  on  the  three 
orientation  for  GaAs.  t  is  the  thickness  of  the  CdTe  layer  G.  R..  the  growth 
rate:  FWHM  SD.  the  average  full  width  at  half-maximum  of  the 
CdTe(  333 )  reflection  and  its  standard  deviation;  ;VB,  the  density  of  disloca¬ 
tions  calculated  using  Ref.  14. 
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33 
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5A 

cr 

5.0 

1 
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4 

6 

SB 

2* 

5.0 

1 
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10 

1 

5C 

5* 

5.0 

1 
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18 

3 
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0* 
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2 
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49 

9 
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2.5 

2 
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10 
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8A 
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3.0 
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14 

9 

8B 
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2 

82 

6 

1 

8C 

5* 

3.0 

2 
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28 

4 

10A 
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2 
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14 

14 

10B 
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7.5 
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84 

20 

1 

IOC 

3* 

7.5 

2 

7A 
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15.5 

2 
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11 

16 

7B 

2* 

15.5 

2 

99 

20 
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7C 

3* 

15.5 

2 

67 

7 

1 

deviations  indicate  that  the  samples  may  not  be  as  homoge¬ 
neous  as  those  grown  on  oriented  GaAs(  100)  substrates, 
FWHM’s  a  factor  of  1 .5  to  4  times  narrower  demonstrate  the 
higher  crystalline  quality  of  the  layers  grown  on  substrates 
misoriented  by  2*.  Large  variations  in  the  FWHM  averages 
and  large  standard  deviations  observed  on  CdTe(333)  re¬ 
flections  from  layers  grown  on  substrates  misoriented  by  5* 
attest  to  the  difficulties  in  growing  crystal  with  a  consistent 
quality  on  this  orientation.  It  can  also  be  seen  from  Table  II 
that  the  growth  rate  appears  to  have  no  significant  influence 
on  the  FWHM.  The  effect  of  the  thickness  has  also  almost  no 
influence.  Only  slightly  narrower  reflections  were  recorded 
for  film  thicknesses  >2.5  ^m. 

It  is  worth  noting  that  the  underlying  GaAs  substrates 
have  also  been  characterized  after  growth.  All  substrates  ap¬ 
peared  to  have  a  high,  homogeneous  quality  and  therefore 
are  not  responsible  for  the  variations  observed  in  the  FWHM 
of  the  CdTe  reflections. 

Two  types  of  cathodoluminescence  images  are  observed. 
On  oriented  substrates,  the  images  consist  of  a  collection  of 
dark  closed  loops  as  has  been  observed  for  CdTet  1 1 1  )5  on 
CdTe(  111)5  substrates.  We  believe  that,  as  for  the  case  of 
the  homoepitaxy  of  CdTe(  111)5,  these  loops  are  twins, 
since  the  presence  of  twins  in  such  systems  has  already  been 
reported.13  On  both  of  the  misoriented  substrates.  CL  im¬ 
ages  exhibit  dark  dots  and  short  line  segments  ( Fig.  3 ) .  This 
indicates  the  presence  of  threading  dislocations.  The  impor¬ 
tance  of  this  result  resides  in  the  fact  that  threading  disloca¬ 
tions  can  be  blocked  by  the  insertion  of  an  appropriate  super¬ 
lattice.  It  has  already  been  reported'4  that  a  HgZnTe-CdTe 
superlattice  could  block  the  dislocations  which  propagate 
from  a  GaAs  substrate.  The  density  of  dislocations  was  then 
reduced  by  a  factor  of  10  to  100. 

Dislocation  densities  have  been  calculated  using  the  mod¬ 
el  of  Gay  era/.15: 

ND  =  (F2-/2)/(9b2), 

where  £is  the  FWHM.  in  radians,  of  the  crystal  under  inves¬ 
tigation. /is  the  FWHM.  in  radians,  of  the  monochromator 
crystal,  and  b  is  the  magnitude  of  the  Burgers  vector.  For  the 
Si(  33 1 )  reflection  which  was  used./ was  <  3  arc  s.  Since  the 
direction  of  the  Burgers  vector  is  not  known,  the  smallest 
Burgers  vector  possible  in  a  face-centered-cubic  crystal  is 
chosen,  i.e..  b  =  a/V2'b  Therefore,  the  dislocation  densi¬ 
ties  presented  in  Table  II  are  upper  limits. 

On  the  substrates  misoriented  by  2*.  all  the  ,V0  are  in  the 
107  cm  “ :  range.  This  means  that  reduction  of  .V  ,  by  a  factor 
lOto  1000  brings  the  density  of  dislocations  in  the  10-'  cm'; 
range,  corresponding  to  a  quality  suitable  for  device  applica¬ 
tions. 

For  these  reasons,  the  growth  of  CdTe  can  be  greatly  im¬ 
proved  by  using  substrates  misoriented  by  2*  It  is  worth 
noting  that  these  results  were  corroborated  by  photolmm- 
nescence  microscopy.5 

Further  investigations  are  currently  being  earned  out  on 
CdTe(  111)5  grown  on  this  orientation.  In  particular,  full 
rotation  DCRC  analysis  indicates  that  pan  of  the  large  mis¬ 
match  between  CdTe  and  GaAs  is  released  by  a  tilt  of 
—0.75*  between  the  epiiayer  and  the  substrate  planes 
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IV.  CONCLUSION 

We  have  demonstrated  that  the  optimization  of  the 
growth  conditions  are  very  important  for  the  homoepitaxy 
of  CdTe(lll)5.  If  the  substrate  temperature  is  too  low, 
twins  are  initiated  that  develop  throughout  the  entire  layer. 
This  leads  to  the  observation  of  two  diffracted  peaks:  a  nar¬ 
row  one  which  is  matched  with  the  substrate  peak  and  a 
broad  peak  which  corresponds  to  the  twinned  orientation.  A 
substrate  temperature  of  335  *C,  and  a  growth  rate  of  ~  1.5 
A/s  gave  a  layer  with  a  FWHM  <  50  arc  s,  showing  the 
optimization  of  the  growth  conditions,  as  well  as  the  prep¬ 
aration  of  the  substrate  before  growth. 

The  advantages  of  growing  CdTe(lll)5  layer  on 
GaAs(  100)  misoriented  by  2*  have  also  been  demonstrated 
for  two  important  reasons.  The  first  one  is  the  fact  that  the 
FWHM  are  narrower  on  this  orientation.  The  second  is  the 
presence  of  threading  dislocations  which  can  be  blocked  by 
the  insertion  of  an  appropriate  superlattice. 

Transmission  electron  microscopy  experiments  are  cur¬ 
rently  being  carried  out  to  confirm  the  fact  that  the  microdo¬ 
mains  observed  on  CL  images  are  microtwins.  Further  ex¬ 
periments  will  include  x-ray  precession  investigations  to 
evidence  if  the  twinning  was  completely  avoided  or  not  by 
optimizing  the  growth  conditions. 
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11-2-2  CdTe/GaAs(iOO) 


It  has  been  previously  reported  that  the  growth  of  CdTe  onto  GaAs(lOO)  can 
occur  in  two  different  orientations  i.e.  (100)  or  (ill)  depending  on  the  substrate 

thermal  treatment.  It  is  believed  that  (100)//(100)  is  achieved  over  an  As  rich 

GaAs(lOO)  surface  whereas  (111)B//(100)  is  observed  on  a  Ga  rich  GaAs(lOO).  In 
the  (1 00) //(l  00)  case  a  14.5%  lattice  mismatch  is  experienced  in  ail  crystallographic 
directions  whereas  in  the  (111 )//(100)  case  there  is  only  0.7%  mismatch  between 
<211>CdTe  axis  and  <0l1>GaAs  axis  (14.5%  mismatch  still  exists  between  <H0>CdTe 
axis  and  <1lO>GaAs  axis).  It  appeared  that  (111)//(100)  is  the  most  favorable 
case. 

Therefore  the  problem  of  twinning  had  to  be  investigated.  This  was  done  in 
the  MPLab  and  in  collaboration  with  J.  Reno,  a  former  student  who  is  currently  a 
scientist  at  Sandia  National  Laboratory.  By  growing  on  GaAs(iOO)  misoriented 
substrates  both  an  improvement  In  CdTe  crystal  quality  and  the  elimination  of  the 

twinning  have  been  observed  as  illustrated  in  Fig.1.  During  this  investigation 

twin-free  CdTe(l1l)B  epitaxial  layers  exhibiting  a  FWHM  of  about  1  arc  min  have 
been  grown  on  GaAs  2°off(100)  towards  [110]  and  5°off(100)  towards  [lll]Ga  (see 
Fig.  2). 

These  layers  display  the  best  characteristics  ever  reported  for  CdTe  epilayers 
grown  on  GaAs.  Even  though  they  are  still  not  as  good  as  CdTe  bulk  crystal 
they  are  already  suitable  as  an  alternate  substrate  for  the  growth  of  HgCdTe. 
Three  years  ago  it  was  difficult  to  find  commercially  available  CdTe  substrates 
with  a  uniform  FWHM  better  than  60  arc  sec  with  no  multiple  peak  in  the  x-ray 
diffraction  pattern.  HgCdTe  epilayers  grown  on  CdTe(lll)/GaAs(l00)  alternate 
substrate  have  electrical  properties  as  good  as  those  obtained  on  CdTe  or  CdZnTe 
substrates  as  reported  in  the  attached  paper  #2. 

The  details  of  the  experiments  as  well  as  the  results  are  given  in  the  attached 
publication  #1. 

FIGURE  CAPTIONS: 

Fig.  1  Electron  channeling  pattern  of  a  twin-free  CdTe(111)B  layers  grown 

on  GaAs(lOO)  2°  off  towards  <110> 

Fig.  2  X-ray  double  crystal  rocking  curve  of  a  7.5pm  CdTe(1ll)B  grown  on 
GaAs(100)  2°  off  towards  <110> 
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ATTACHED  PAPERS: 

1.  'Effects  of  substrate  misorientation  on  the  structural  properties  of  CdTe(lll) 

grown  by  MBE  on  GaAs(IOO)" 

2.  "New  achievements  in  Hg^CdyTe  grown  by  molecular  beam  epitaxy' 


Fig.  1 


Electron  channelling  pattern  obtained 
on  a  2.3um  thick  CdTe  layer 
on  GaAs(IOO)  2°  off  towards  <110>. 
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Effects  of  substrate  misorientation  on  the  structural  properties 
of  CdTe(1 11)  grown  by  molecular  beam  epitaxy  on  GaAs(IOO) 

J.  L.  Reno  and  P.  L.  Gourley 

Sandia  National  Laboratory,  Albuquerque,  New  Mexico  87185 
G.  Monfroy  and  J.  P.  Faurie 

Department  of  Physics,  University  of  Illinois  at  Chicago,  Chicago,  Illinois  60680 

(Received  1 1  July  1988;  accepted  for  publication  29  August  1988) 

CdTe  (111)  layers  were  grown  by  molecular  beam  epitaxy  on  oriented  and  misoriented 
GaAs  ( 100)  substrates.  The  layers  were  characterized  by  x-ray  diffraction  and 
photoluminescence  microscopy.  The  results  indicate  that  the  CdTe  layers  grown  on 
GaAs  ( 100)  misoriented  2*  towards  the  ( 1 10]  direction  had  peaks  with  full  width  at  half¬ 
maximum  up  to  four  times  narrower  than  either  of  the  other  orientations  tested.  Only 
threading  dislocations  were  visible  on  this  orientation  by  photoluminescence  microscopy. 
These  results  indicate  that  the  structural  quality  of  CdTe  grown  on  GaAs  can  be  significantly 
improved  by  the  use  of  an  appropriately  misoriented  substrate. 


The  growth  of  high  quality  epitaxial  layers  of 
Hg,  _  ,Cd,Te  is  limited  by  the  substrate  quality.  Due  to  its 
closeness  in  lattice  parameter,  CdTe  is  one  of  the  obvious 
choices  for  substrate  material.  In  spite  of  significant  im¬ 
provements  in  CdTe  substrates  in  the  last  few  years,  they  are 
still  not  as  good  as  GaAs  substrates.  Also  CdTe  is  consider¬ 
ably  more  expensive  than  GaAs  and  not  available  with  as 
large  a  surface  area.  It  has  recently  been  demonstrated  that  it 
is  possible  to  grow  HgCdTe  with  excellent  uniformity  on  a 
full  2  in.  GaAs  wafer. 1  Because  of  the  large  lattice  mismatch 
between  GaAs  and  HgCdTe  (  ~  14.6%),  it  is  necessary  to 
first  grow  a  CdTe  buffer  layer  on  the  GaAs  substrate.  The 
quality  of  the  active  HgCdTe  is  then  limited  by  the  quality  of 
the  CdTe  buffer  layer.  Thus  it  is  of  great  importance  to  im¬ 
prove  the  quality  of  CdTe  grown  on  GaAs. 

It  has  been  demonstrated  for  the  growth  of  GaAs  and 
AlGaAs  on  GaAs  that  misorienting  the  substrate  can  im¬ 
prove  the  quality  and  morphology  of  the  epitaxial  layers.2 
Improvement  has  also  been  observed  for  the  mismatched 
growth  of  GaAs  on  Si.3  In  order  to  test  this  effect  on  II- VI 
semiconductors,  we  have  grown  CdTe(  1 1 1 )  on  oriented  and 
misoriented  GaAs(  100)  substrates.  Three  orientations  were 
used.  The  orientations  included  ( 100)  ±  0.25*,  2*  off  ( 100) 
towards  [110],  and  5*  off  (100)  towards  [Ul]Ga.  These 
orientations  were  chosen  due  to  their  common  use  in  the 
growth  of  GaAs  and  AlGaAs  on  GaAs  and  of  GaAs  on  Si. 

The  GaAs  substrates  were  cleaned  using  the  standard 
procedures  of  etching  in  HjSCV.^O^HjO  (5:1:1)  and  HC1. 
All  three  orientations  were  then  mounted  on  the  same  mo¬ 
lybdenum  block  and  loaded  into  the  growth  chamber.  The 
samples  were  then  heated  to  600  *C  to  remove  the  oxide  and 
cooled  to  300  *C  before  growth  of  the  CdTe  was  begun.  This 
preparation  led  to  the  growth  of  CdTe  in  the  ( 1 1 1 )  orienta¬ 
tion.4  Growth  rates  of  1  and  2  A/s  were  used.  The  total 
thickness  was  also  varied  so  that  the  effect  of  growth  rate  and 
total  thickness  could  be  determined,  in  addition  to  the  effect 
of  the  orientation.  After  growth  the  samples  were  removed 
from  the  growth  chamber  and  characterized  by  x-ray  dif¬ 
fraction  and  photoluminescence  microscopy. 

X-ray  double  crystal  rocking  curves  (DCRC’s)  of  the 
CdTe  (333)  reflection  were  recorded  using  a  copper  anode 


and  a  Si  (331 )  reference  crystal.  In  order  to  check  the  homo¬ 
geneity  of  the  samples,  several  points  were  measured  using  a 
broad  incident  beam  (4  mm2).  The  averge  full  widths  at 
half-maximum  (FWHM)  and  their  corresponding  standard 
deviations  were  calculated.  The  results  are  presented  in  Ta¬ 
ble  I,  along  with  the  substrate  orientation,  thickness,  and  the 
growth  rate  of  each  of  the  investigated  samples. 

The  CdTe  grown  on  GaAs  ( 100)  substrates  misonent- 
ed  by  2*  towards  the  [  1 10]  direction  exhibited  consistently 
lower  FWHM  than  the  other  orientations.  Inspection  of  the 
standard  deviations  indicated  that  these  samples  may  not  be 
quite  as  homogeneous  as  those  grown  on  GaAs  substrates 
cut  as  close  as  possible  to  the  ( 100)  orientation.  However. 
FWHM  1.5  to  4  times  larger  were  recorded  on  the  oriented 
samples,  thus  demonstrating  their  poorer  crystalline  quality. 
DCRC’s  measured  on  CdTe  grown  on  GaAs  ( 100)  sub¬ 
strates  misoriented  by  5*  towards  the  [  1 1 1  ]A  direction  attest 
to  the  difficulties  in  growing  samples  of  consistent  crystal¬ 
line  quality  of  this  type  of  substrate.  Large  variations  in  the 
average  FWHM  as  well  as  large  standard  deviations  and 
sometimes  asymmetric  peaks  were  observed. 

Also  fromTable  I  it  can  be  seen  that  the  growth  rate 
appears  to  have  no  significant  influence  on  the  FWHM.  It 
does  appear  that  there  is  a  slight  improvement  in  the  FWHM 
for  thicknesses  greater  than  2.5  fim. 

It  is  worth  noting  that  the  underlying  GaAs  substrates 
have  also  been  characterized  after  growth  by  x-ray  diffrac¬ 
tion,  with  the  exception  of  the  substrates  having  a  1 5  5-um- 
thick  CdTe  overlayer.  The  (400)  reflection  of  a  Gc  crystal 
was  used  as  a  reference.  FWHM  recorded  from  the  GaAs 
substrates,  at  the  approximate  same  location  as  for  the  CJTe 
scans,  indicated  the  high  quality  as  well  as  the  homogeneity 
of  the  substrates.  Therefore,  the  quality  of  the  GaAs  sub¬ 
strates  was  not  responsible  for  the  variations  observed  in  'he 
FWHM  of  the  CdTe  diffraction  peaks. 

Dislocation  densities  SD  were  evaluated  using  the  mod¬ 
el  developed  by  Gay  et  al.iA: 

Vd  =  (F2-/2)/962, 

where  F  is  the  FWHM,  in  radians,  of  the  crystal  under  inves¬ 
tigation, /is  the  FWHM,  in  radians,  of  the  monochromator 
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T ABLE  I.  Growth  characteristics  of  CdTe  (111)  samples  grown  on  GaAs  ( 100)  substrates  along  their  average  FWHM  measured  on  the  CdTe  1 333 ) 
reflections  using  the  Cu  K U  =  1 .340  362  A )  radiation  and  a  Si  (331)  reference  crystal.  The  GaAs  substrates  are  either  oriented  ( 100).  misoriented  2' 
towards  the  [110]  direction,  or  misoriented  3*  towards  the  ( 1 1 1  ]A  direction.  .Y0  is  the  dislocation  density  calculated  from  the  model  of  Gay  et  al 


Sample 

Misonentation 

Thickness 

(/am) 

Growth  rate 

(A/s) 

(FWHM)  x  a 
( arcsecond ) 

•V  0  .  10 
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17A 

0* 

2.5 
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252  ±6 

8 

I7B 

2* 

2.5 
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s 

266  r  49 
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ISC 

5’ 

2.5 

•> 
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o 
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0* 

5.0 

2 

269  r  14 

0 

SB 

V 

5.0 

2 

82  r  6 

l 

SC 

5* 

5.0 

a 

168  r  28 

4 

10A 

0“ 

7.5 

334  —  14 

14 

I0B 

7  5 

■> 

84  -  20 

I 

IOC 

5* 

75 

*» 

7  A 

0q 

15.5 

■> 

356  -  11 

in 

"B 

v» 

15.5 

2 

99  -  20 

7C 

5* 

15.5 

•> 

0*  —  7 

crystal,  and  b  is  the  magnitude  of  the  Burgers  vector.  For  the 
Si  (331 )  reflection  which  was  used. /was  equal  to  8  arcse- 
conds.  Since  the  direction  of  the  Burgers  vector  was  not 
known,  the  smallest  Burgers  vector  possible  in  a  face-cen¬ 
tered  cubic  crystal  was  chosen,  i.e..  b  =  a/s  2.'  Therefore, 
the  densities  of  dislocations  presented  in  Table  I  are  an  upper 
limit.  The  calculated  values  are  in  the  107/cnr  range.  As 
expected  from  the  FWHM.  they  are  not  significantly  in¬ 
fluenced  by  either  the  eptlayer  thickness  or  the  growth  rate. 

For  the  photoluminescence  microscopy  (PLM).  the 
sample  was  photoexcited  at  room  temperature  with  -  10! 
W/em:  of  7525  A  laser  light.  This  light  penetrates  the  sam¬ 
ple  to  a  depth  of  approximately  0.5  ,um.  The  resulting  near¬ 
band-gap  CdTe  luminescence  at  8200  A  was  imaged  onto  a 
CCD  TV  camera  with  ~b00v  magnification.  Compared  to 
the  near-band-gap  luminescence  of  the  CdTe.  the  scattered 
laser  light  was  reduced  by  two  order  of  magnitude  with  a 
long  pass  filter  (  7800  A  cutoff).  It  has  been  previously  dem¬ 
onstrated  that  this  technique  is  able  to  image  dislocations 
which  serve  as  nonradiative  recombination  sites  for  the  pho- 
toexctted  electron-hole  patrs.s  ‘‘  These  defects  thus  appear  as 
dark  areas  on  the  PLM  micrograph.  The  PLM  technique  is 
useful  for  simultaneously  assessing  the  dislocation  content 
and  the  photolumtnescence  intensity.  Photoluminescence 
from  all  samples  was  sufficiently  intense  so  that  the  PLM 
micrographs  could  be  recorded  at  room  temperature. 

On  both  of  the  misoriented  substrates.  PLM  micro¬ 
graphs  exhibited  dark  dots  and  short  line  segments  ( see  Fig. 
I ).  This  indicates  the  presence  of  threading  dislocations.  A 
lower  limit  on  the  dislocation  density  was  about  l07/cm;. 
This  is  in  good  agreement  with  the  upper  limit  on  the  dislo¬ 
cation  density  calculated  from  the  x-ray  data.  The  CdTe 
grown  on  the  oriented  GaAs  exhibited  strikingly  different 
PLM  images.  They  consisted  of  a  collection  of  dark  closed 
loops  with  diameters  of  20-40  pm  (see  Fig.  1 ).  Within  the 
loops  the  photoluminescence  intensity  was  the  same  as  out¬ 


side  the  loops.  The  loops  were  located  about  40, urn  apart. 
We  believe  that  the  dark  loops  are  due  to  nonradiative  re¬ 
combination  at  boundaries  of  microcrystallites  and  that  the 
microcrystallites  are  probably  twins  of  the  main  material. 
Investigations  to  identify  these  structures  are  in  progress. 

The  effect  of  the  thickness  of  the  layer  could  also  be  seen 
by  this  technique.  The  thinnest  layers  ( 2.5  ,um  thick  i  evhib- 


(111)  CdTe  on  GaAs 


10  pm  — *  • — 

FIG.  1.  Photoluminescence  micrographs  of  CdTe(  1 1 1 )  grown  n  min 

GaAst  100)  and  misoriented  2*  towards  the  (U01.  The  micr.'*r.irn»  *cre 
taken  at  room  temperature  using  7323  A  laser  light. 
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ited  the  highest  dislocation  density  and  the  lowest  photolu¬ 
minescence  intensity.  This  indicates  a  lower  quality  of  the 
material  if  only  2.5  n m  is  grown.  There  was  no  significant 
difference  between  layers  5.0/jm  and  thicker.  Also  there  was 
no  apparent  dependence  on  the  growth  rate. 

In  conclusion,  we  have  grown  CdTe  ( 1 1 1 )  on  oriented 
and  misoriented  GaAs  ( 100)  and  have  characterized  the 
layers  by  x-ray  diffraction  and  photoluminescence  micros¬ 
copy.  The  FWHM’s  of  the  CdTe  grown  on  GaAs  ( 100)  mis¬ 
oriented  2*  towards  the  [110]  were  found  to  be  significantly 
better  than  for  either  other  orientation  tested.  Photolumi¬ 
nescence  microscopy  showed  a  totally  different  type  of  de¬ 
fect  structure  for  the  oriented  substrate  than  for  the  misor¬ 
iented  substrates.  The  CdTe  grown  on  the  misoriented 
substrates  exhibited  only  threading  dislocations.  For  these 
reasons  we  believe  that  the  growth  of  CdTe  on  GaAs  can  be 
greatly  improved  by  the  use  of  substrates  that  are  misorient¬ 
ed  2*  towards  the  [  1 10  ] .  Not  only  is  the  FWHM  significant¬ 
ly  smaller  than  for  the  oriented  samples,  but  only  threading 
dislocations  are  present  which  can  be  blocked  by  the  inclu¬ 
sion  of  an  appropriate  superlattice.  This  has  already  been 
demonstrated  for  ( 100)  CdTe  on  GaAs(  100)  using  a 
HgZnTe-CdTe  superlattice. 10  Since  this  is  a  difficult  super- 
latice  to  grow,  work  on  the  design  of  a  simpler  superlattice  is 
presently  under  way. 
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A  review  of  our  recent  achievements  in  the  growth  of  Hg,  _ ,  Cd„Te  by  molecular-beam  epitaxy  is 
presented  here.  The  influences  of  the  substrate  temperature,  the  crystallographic  orientation,  and 
the  nature  of  the  substrate  on  the  properties  of  Hg,  _  *CdxTe  are  discussed  in  detail.  We  show  that 
to  grow  high-quality  material  with  good  uniformity  in  terms  of  the  alloy  composition  and  the 
doping  by  crystal  stoichiometry  deviation,  the  substrate  temperature  should  be  between  180*C 
and  rm„.  We  report  mobilities  as  high  as  5. Ox  120*  cm2  V-'  s  ~ 1  for  n-type  layers  and  1.2  X  103 
cm2  V-1  s-1  for  p-type  layers,  achieved  by  precisely  controlling  the  growth  parameters.  We 
illustrate  that  the  Hg  condensation  coefficient  is  influenced  by  the  crystallographic  orientation. 

Our  results  show  that  for  Hg,  _  ,  Cd,Te  grown  on  both  the  ( 1 1 1  )B  and  the  ( 100)  faces  of  CdTe  or 
GaAs  the  Hall  mobilities  are  very  high  and  comparable.  We  report  our  important  achievement  of 
the  successful  growth  of  2-in.-diam  Hg,  _  ,CdtTe  films  on  GaAs(  100),  with  Ax/x  as  low  as  0.7% 
for  x  =  0.2 1 8  ( Ax  is  the  standard  deviation  and  x  is  the  mean  value) ,  A /  ft  as  low  as  0.6%  for  the 
layer  thickness,  excellent  uniformity  in  the  doping,  and  high  electron  or  hole  mobility.  This 
illustrates  the  excellent  control  that  our  group  has  achieved  toward  the  growth  of  this  material  by 
molecular-beam  epitaxy. 


I.  INTRODUCTION 

Since  1981,  important  progress  has  been  achieved  toward 
the  growth  of  Hg,  _xCdxTe  by  molecular-beam  epitaxy 
(MBE).  The  growth  of  high-quality  epitaxial  single  layers 
and  heterostructures  is  of  vital  interest  for  device  technolo¬ 
gy-  Hg, _  xCd,Te  is  already  the  most  important  material  for 
infrared  technology,  and  is  now  appearing  as  a  promising 
material  for  optical  telecommunication  systems.1  The  crys¬ 
tal  quality  along  with  the  electrical  performances  of 
Hg,  _xCd,Te  epilayers  grown  by  MBE  have  been  greatly 
improved  by  careful  control  of  the  grdwth  parameters.  In 
terms  of  quality  and  electrical  performance.  MBE  layers  of 
Hg,  _,Cd,Te  can  now  be  compared  with  the  best 
Hg,  _  ,CdtTe  grown  by  any  other  technique. 

In  this  paper,  we  present  a  concise  account  of  our  recent 
achievements  in  the  growth  of  Hg,  _xCd,Te  by  MBE.  The 
influence  of  various  parameters  such  as  the  substrate  tem¬ 
perature,  the  Hg  flux,  the  crystallographic  orientation  and 
the  nature  of  the  substrate  are  discussed.  The  growth  on  2- 
in.-diam  GaAs  substrates  of  Hg,  _  ,CdxTe  epilayers  that  are 
highly  uniform  in  terms  of  alloy  composition,  mobility,  and 
carrier  concentration  from  doping  by  crystal  stoichiometry 
deviation  represents  the  best  achievement  ever  reported  for 
this  material  on  such  a  large  surface  area  and  illustrates  the 
excellent  level  of  control  that  our  group  has  reached  in  this 
difficult  procedure.  A  brief  summary  of  the  results  will  be 
given  here. 

II.  GROWTH  ON  CdT«<1 11)0  SUBSTRATES 

MBE  compositional  control  is  difficult  to  achieve  for 
Hg,.  ,  Cd.Te  due  to  the  noncongruent  reevaporation  of  this 
compound.2  We  have  previously  reported  that  reflected 
high-energy  electron  diffraction  (RHEED)  can  be  used  to 
monitor  the  suitable  Hg  flux.3  For  a  given  Hg  flux,  a  high- 
qualitymonocrystalline  Hg,  _  ,CdxTe  Aim  can  be  grown  in 
the  (Tll)ff  orientation  within  a  narrow  substrate  tempera¬ 


ture  range  (T _ —  Tmin )  of  about  10  to  15*C  when  the 

substrate  temperature  (T,)  is  in  the  180-190  *C  tempera¬ 
ture  range.  When  T,  is  below  Tma  the  excess  Hg  desorbs, 
however,  twins,  which  are  detrimental  for  electrical  perfor¬ 
mance,  are  observed.  When  growth  occurs  close  to  Tmn , 
these  growth  defects  might  still  exist  on  a  longer  periodicity 
range  of  100  A  or  more  and  consequently  would  not  be  easily 
detected  by  RHEED.4  These  defects  are  detrimental  to  the 
quality  of  the  layer.  When  T,  is  above  two  possibilities 
exist.  ( 1 )  If  T,  is  below  190  *C  the  excess  Te  leads  to  a  poly- 
crystalline  material.  (2)  If  T,  is  above  195  *C  the  excess  Te  is 
reevaporated  and  the  film  still  grows  monocrystalline,  but  a 
change  in  composition  is  observed.  Therefore,  to  grow  high- 
quality  Hg,  _  ,  Cd.Te  by  MBE  it  is  very  important  to  control 
the  Hg  flux  and  the  substrate  temperature  accurately  and 
reproducibly  from  run  to  run,  and  uniformly  over  the  sam¬ 
ple.  It  should  be  pointed  out  that  these  parameters  also  play 
an  important  role  in  the  doping  of  the  film  by  crystal  stoichi¬ 
ometry  deviation.  The  growth  rate,  which  has  not  yet  been 
fully  investigated,  is  also  playing  an  important  role  in  terms 
of  crystal  quality.  A  growth  rate  of  about  4  A  s" which 
represents  the  best  compromise  between  the  crystal  charac¬ 
teristics  and  the  growth  duration  of  10-  to  15-/um-thick  epi¬ 
layers,  is  currently  used. 

Hg  tends  to  evaporate  preferentially  from  a  Hg,  _ ,  Cd ,  Te 
surface.  It  has  beat  experimentally  shown  that  the  conden¬ 
sation  coefficient  for  Hg  is  on  the  order  of  10~3  for  n-type 
Hg,  _  *Cd*Te  (xsO.22)  grown  in  the  ( 1 1 1  )£ orientation  at 
a  temperature  190  *C. 5  The  condensation  coefficient  for  a 
given  element  is  defined  as  the  ratio  of  the  number  of  atoms 
incorporated  in  the  layer  to  the  number  of  atoms  impinging 
the  surface.  As  was  pointed  out  already  in  1982,®  a  tempera¬ 
ture  of  180*C  or  more  is  required  to  grow  high-quality 
Hg,_,CdxTe  films  by  MBE  along  the  (111)5  direction. 
Therefore,  a  very  high  Hg  flux  is  necessary  to  maintain  epi¬ 
taxial  growth.  To  grow p- type  Hg,  _  «Cd„Te  (x =0.22 )  with 
a  growth  rate  of  about  4  A/s  and  a  substrate  temperature  of 
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195  ‘C,  about  1.5  cm-1  of  Hg  per  micron  layer  is  necessary  in 
our  system.  This  means  that  if  a  regular  cell  is  used  at  a 
constant  temperature,  the  Hg  level  would  continuously 
change  and  would  cause  changes  in  the  Hg  flux  which  are 
unacceptable.  This  problem  is  solved  by  a  continuous-feed 
Hg  cell,  such  as  the  one  we  are  currently  using. 

It  has  been  previously  reported  that  the  composition  (x) 
is  primarily  controlled  by  the  Cd  to  Te  flux  ratio.  This  is 
correct  when  the  Hg  flux  is  roughly  constant  from  one 
growth  to  the  next  and  the  substrate  temperature  is  in  the 
1 80- 1 90  *C  range.  We  have  investigated  the  influence  of  sub¬ 
strate  temperature  on  the  composition.  Hg,  _  *CdTTe  layers 
that  were  grown  at  different  substrate  temperatures,  but 
with  the  same  fluxes.  The  thicknesses  and  the  compositions 
are  obtained  by  infrared  transmission  spectroscopy  at  room 
temperature.  For  each,  the  cutoff  wavelength  is  defined  as 
that  for  which  the  absorption  coefficient  (a)  is  equal  to  500 
cm-1.  The  formula  for  the  absorption  coefficient  is 
a  =  —  ln(  transmittance) /thickness.  This  method  has  been 
proven  to  provide  band  gap  measurements  which  are  in  good 
agreement  with  those  determined  from  the  temperature  de¬ 
pendence  of  the  R&4  products  of  diodes.7  The  thicknesses  of 
the  layers  are  calculated  from  the  interference  peak  spacings 
on  the  infrared  transmission  spectra.  A  large  change  in  the 
transmission  spectrum  was  observed  between  the  layers 
grown  at  205  and  213  “C,  while  a  smaller  but  not  negligible 
change  was  observed  between  those  grown  at  200  and  205  *C 
(Fig.  1 ).  In  a  different  experiment  carried  out  at  tempera¬ 
tures  185  and  200  "C  no  changes  in  the  growth  rate,  and 
consequently  composition  were  observed  between  185  and 
195  *C  (Table  I).  Due  to  the  large  change  in  the  condensa¬ 
tion  coefficient  of  Hg  with  temperature,  it  is  impossible  to 
carry  out  one  set  of  experiments  for  the  entire  temperature 
range.  Comparing  changes  in  the  composition  and  the 
growth  rate,  one  can  see  that  these  are  both  caused  by  a 
change  in  the  growth  rate  of  HgTe,  but  not  of  CdTe  (Table 
I ) .  The  composition  remains  constant  for  substate  tempera¬ 
tures  between  1 85  and  195  *C  showing  that  the  condensation 
coefficient  of  Te  is  constant  for  the  given  Hg  flux.  When  the 
substrate  temperature  is  above  204  *C,  which  is  the  maxi¬ 
mum  substrate  temperature  for  given  Hg  flux,  the  rapid  ree- 
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Fic.  1.  Infrared  transmission  spectroscopic  meuurementi  of  Hg,  _  ,Cd,Te 
grown  with  the  same  flaxes,  but  at  different  temperatures.  —  »  210 ’C;  — 
*  205  ’C;  -  -  w  200  *C, 


Table  I.  Comparison  of  growth  rates  and  the*  values  for  layers  grown  with 
the  same  fluxes  but  different  substrate  temperatures. 


Substrate 

temperature 

CC) 

Composition 

(*) 

Growth  rate 

(A/s) 

Relative 
growth  rate 
of  CdTe 
(A/si 

Relative 
growth  rate 
of  HgTe 

(A/s) 

185* 

4  39 

195* 

440 

200 

0.17 

5. 1 7 

0.88 

429 

205 

0.19 

4.67 

0.89 

OO 

r 

r~\ 

213 

0.31 

2.78 

0.86 

1.92 

‘  Extrapolated  from  a  separate  experiment. 


vaporation  of  Hg  leaves  free  Te  which  is  also  reevaporated 
and  the  film  still  grows  monocrystalline.  But  an  increase  in 
the  x  value  of  1.5%  to  2%  for  each  1  °C  increase  in  the  sub¬ 
strate  temperature  is  observed,  along  with  a  large  change  in 
the  growth  rate.  This  problem  could  be  partially  solved  by 
increasing  the  Hg  flux. 

It  is  important  to  recall  that  a  change  in  x  of  only 
Ax  =  ±  0.0015  is  the  objective  to  reach  for  infrared  detec¬ 
tion  devices  operating  at  a  cutoff  wavelength  of  10  /um  at  77 
K.  It  is  obvious  that  such  a  requirement  cannot  be  achieved  if 
part  of  the  substrate  temperature  is  above  .  Now  if  the 
substrate  temperature  is  between  and  Tmm  (incidently 
the  rm..  and  values  are  changing  over  the  substrate 
since  the  Hg  flux  distribution  is  not  constant)  the  eptlayers 
will  still  experience  a  change  in  the  doping  level  and  even  in 
the  conduction  type. 

Stability  in  the  temperature,  with  variations  much  less 
than  ±  0.5  *C  during  the  growth  can  be  achieved.  But.  uni¬ 
formity  in  the  temperature  with  variations  <  ±  0.5  ’C  over 
large  surface  areas  has  not  yet  been  demonstrated.  Conse¬ 
quently,  taking  into  consideration  the  need  of  high-quality 
material  with  excellent  uniformity  in  the  composition,  the 
substrate  temperatures  used  should  be  between  1 80  *C  and 
.  Also,  to  grow  Hg,  _,Cd,Te  with  good  uniformity  in 
the  composition  and  the  carrier  concentration  over  the  sub¬ 
strate,  it  is  important  to  achieve  a  very  low  temperature  gra¬ 
dient  and  to  control  precisely  the  substate  temperature  in  the 
1 80  'C-Tnu  range.  In  addition,  a  reproducibility  of  the  sub¬ 
strate  temperature  within  1  *C  should  be  achieved  in  order  to 
produce  both  the  composition  and  the  carrier  concentration 
desired  from  run  to  run. 

Such  control  will  be  fruitless  if  the  Hg,  Cd,  and  Te  fluxes 
are  not  very  constant  The  Cd  and  Te  fluxes  are  precisely 
controlled  through  the  temperatures  of  the  eflusion  cells 
which  are  stable  within  0.2  *C.  The  Hg  flux,  which  has  lesser 
importance  than  the  Cd  and  Te  fluxes  in  controlling  of  the 
composition,  is  monitored  by  an  ion  gauge  and  kept  constant 
within  a  range  of  fluctuation  of  <  10%.  This  represents  cell 
temperature  fluctuations  of  <0.5  *C. 

Gradients  in  the  substate  temperature  and  the  fluxes  i  the 
latter  due  to  the  cosine  distributions  of  the  fluxes )  increase 
with  the  size  of  the  substrate.  Therefore,  it  becomes  obvious 
that  MBE  growth  of  Hg,  _  ,Cd*Te  on  large  area  2-in.  diame¬ 
ter  or  greater  substrates,  uniform  both  in  composition  and 
carrier  concentration,  represents  a  real  challenge.  The  need 
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for  rotation  of  the  substrate  becomes  unavoidable  because 
the  alternative  of  using  cell-to-substrate  distances  of  about 
one  meter  is  unacceptable  in  terms  of  Hg  consumption.  Ro¬ 
tation  of  the  substrate,  however,  hinders  proper  mechanical 
contact  between  the  thermocouple  and  the  substrate  holder. 
( Such  use  of  a  thermocouple  is  normally  a  convenient  way  to 
control  the  temperature  of  the  surface,  although  not  reliably 
accurate  in  case  of  sudden  change  of  the  surface  tempera¬ 
ture.  )  Therefore  a  pyrometer  must  be  used. 

III.  THE  INFLUENCE  OF  THE  CRYSTALLOGRAPHIC 
ORIENTATION 

In  MBE  a  nonequilibrium  situation  is  intentionally  intro¬ 
duced  to  drive  the  system  to  form  a  solid  from  the  vapor 
phase  by  adjusting  the  substrate  temperature  and  the  partial 
pressures  of  the  molecular  fluxes.  The  formation  of  epitaxial 
layers  is  highly  influenced  by  the  mass  transport  and  the 
crystal  surface.  Therefore  the  crystallographic  orientation 
can  play  a  major  role  in  the  growth  and  properties  of 
Hg,  _  ,Cd,Te  grown  by  MBE. 

The  influence  of  the  crystallographic  orientation  on  con¬ 
densation  coefficients  has  been  compared  among  the 
( 1 1 1  )A.  (111)5,  and  ( 100)  orientations.  In  each  case  the 
Hg,  _  ,  Cd,  Te  growth  was  closely  followed  by  RHEED.  The 
minimum  amount  of  Hg  necessary  to  maintain  the  growth 
was  determined  by  slowly  decreasing  the  Hg  flux  until  diffi¬ 
culties  in  maintaining  monocrystalline  growth  were  ob¬ 
served.  As  we  have  reported®  before,  with  all  the  other  condi¬ 
tions  including  the  composition  kept  constant,  the  minimum 
amount  of  Hg  necessary  to  maintain  epitaxial  growth  of 
Hg,  _,Cd,Te  at  185 'C  is  almost  an  order  of  magnitude 
higher  for  the  (111)/!  orientation  than  for  the  ( 1 1 1 )  5  orien¬ 
tation.  The  minimum  amount  of  Hg  necessary  to  maintain 
epitaxial  growth  along  the  ( 100)  orientation  falls  in  between 
that  for  the  ( 1 1 1  )A  and  the  ( 111)5  orientations.  These  re¬ 
sults  can  be  explained  in  terms  of  the  bonding  of  surface 
atoms.  Hg  atoms  are  more  well  protected  from  reevapora¬ 
tion  in  the  (111  )5  orientation  than  the  ( 100)  orientation, 
and  have  the  least  protection  in  the  ( 1 1 1  )A  orientation.  A 
similar  but  less  dramatic  tendency  is  observed  for  Cd. 

Results  regarding  the  growth  parameters  for  different  ori¬ 
entations  provide  an  important  means  for  ascertaining  the 
best  orientation  for  growth.  From  a  Hg  consumption  point 
of  view,  one  could  conclude  that  the  ( 1 1 1  )5  orientation  is 
the  best.  But  it  is  important  that  other  parameters,  such  as 
the  quality  of  the  layer  and  the  ease  of  control  of  the  doping 
by  stoichiometry  deviation,  are  taken  into  consideration  be¬ 
fore  coming  to  a  conclusion.  For  the  (111M  orientation, 
growth  by  MBE  of  a  high-quality  CdTe  buffer  layer  with  a 
low-defect  density  is  very  difficult.  Moreover,  the  amount  of 
Hg  needed  to  maintain  the  epitaxial  growth  of  Hg,  _  „Cd,Te 
for  the  ( 1 1 1 M  orientation  is  about  ten  times  that  for  the 
(111)5  orientation.  This  huge  amount  of  Hg  needed  for  the 
(lll)/l  orientation  growth  creates  a  major  problem  for  the 
ultrahigh  vacuum  (UHV)  of  the  MBE  system.  Therefore, 
the  (111  )-4  orientation  is  not  suitable  for  MBE  growth  of 
Hg, _  ,Cd,Te.  For  this  reason  we  have  investigated  only  the 
(111)5  and  the  ( 100)  orientations. 


On  the  other  hand  the  (111)5  orientation  has  a  major 
disadvantage  for  the  control  of  the  growth  of  high-quality 
layer.  That  is  stacking  faults,  which  are  often  observed  on 
the  ( 1 1 1  )5  face.  When  the  Hg  flux  is  too  high,  twining  ef¬ 
fects  which  are  caused  by  antiphase  domains  arc  observed. 
This  implies  that  the  twining  process  occurs  very  easily 
along  this  direction.  This  problem  is  in  fact  often  observed 
for  zinc-blende  crystals  grown  in  the  ( 1 1 1 )  orientation,  but 
the  growth  of  pyramids  has  been  observed  when  the  growth 
conditions  are  not  well  controlled.4  No  such  phenomenon  is 
observed  for  the  ( 100)  orientation.  Samples  for  which  twins 
are  observed  by  RHEED  during  growth  exhibit  high-carrier 
concentration  and  low  mobility.  Also,  electroreflectance 
measurements  carried  out  on  some  (111)5  orientation 
Hg,  _,Cd,Te  layers  have  shown  an  increase  in  the  line 
width  ( T)  on  such  films.10  For  the  ( 100)  orientation,  even 
though  more  Hg  is  necessary  to  grow  Hg,  _ ,  Cd,  Te  no  such 
defects  are  observed.  Thus  the  growth  seems  to  be  more  easy 
to  control  in  the  ( 100)  orientation  than  in  the  ( 1 1 1 )  5  orien¬ 
tation.  It  should  be  pointed  out  that  n-type  Hg,  _  ,Cd,Te 
can  easily  be  grown  along  the  ( 100)  orientation  even  for 
x>0.30,  while  p-type  Hg,  _,Cd,Te  is  easily  grown  in  the 
(111)5  orientation  for  x>0. 19.  This  experimental  result  is 
difficult  to  understand  if  one  considers  that  the  p-type  char¬ 
acteristic  is  associated  with  Hg  vacancies  because  then 
( 100)  layers  should  be  more p-type  than  (111)5  layers  since 
the  Hg  condensation  coefficient  is  lower  on  the  (100)  face. 
We  are  currently  investigating  this  problem. 

Table  II  shows  a  comparison  of  the  best  Hall  data  of  n- 
type  samples  grown  either  in  the  ( 100)  or  the  1 111)5  sur¬ 
face.  These  values  indicate  that  the  mobilities  are  very  much 
comparable  for  the  two  crystallographic  orientations.  The 
electron  mobility  of  5. Ox  10s  cm2  V-1  s~'forHg,  .  .Cd.Te 
grown  on  the  ( 1 1 1  )5  face,  is  close  to  the  theoretical  limit  of 
the  electron  mobility  in  HgCdTe  with  this  Cd  concentration. 
Often,  Hg,  _  xCdxTe  grown  on  the  ( 100)  surface  has  a  high¬ 
er  electron  mobility  than  that  on  the  ( 1 1 1  )5  surface.  This 
shows  that  the  control  of  the  growth  parameters  for 
Hg,  _ ,  Cd,  Te  grown  by  MBE  is  more  critical  for  the  1 1 1 1  5 
orientation  than  the  ( 100)  orientation. 

Table  III  compares  the  hole  mobility  of  Hg,  ,Cd,  Te 
grown  on  the  ( 100)  and  the  ( 1 1 1  )5 surfaces.  It  is  important 
to  point  out  that  these  high-hole  mobilities  have  been  ob¬ 
tained  for  epilayers  which  have  no  small  HgTe  layer  at  the 
interface  with  the  substrate  (we  have  shown  that  the  pres¬ 
ence  of  HgTe  at  that  interface  can  enhance  hole  mobility  >  " 
The  hole  mobility  of  1.2 X 10*  cm2  V-1  s-1  observed  in  a 
(111)5  orientation  is  higher  than  the  bestp-tvpe  mobtiuv  of 
5.1  x  102  cm2  V"1  s_l  for  layers  grown  on  the  1 100)  sur¬ 
face.  It  should  be  pointed  out  that  we  do  not  have  as  much 
data  for  p- type  Hg,  _  ,Cd,Te  grown  on  the  ( 100)  surface. 
Therefore,  it  would  be  premature  to  draw  a  final  conclusion 
for  hole  mobilities. 

Since  the  ( 100)  surface  requires  more  Hg  than  the  1 11 1  -  5 
surface,  then  from  both  the  UHV  and  the  economic  points  of 
view,  the  ( 1 1 1  )5  orientation  is  the  best.  As  for  the  growth 
point  of  view,  we  suggest  that  high-quality  e-tvpe 
Hg,_  ,  Cd, Te  layers  are  more  easily  grown  along  the  <  100) 
orientation  [more  has  to  be  understood  about  the  e-tvpe 
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Table  II.  Electrical  characteristics  of  n-type  HgCdTe  grown  by  MBE  between  1 30  and  1 90  *C. 


Sample 

Composition 

X 

Thickness 

Orientation 

Carrier  cone.  Mobility 

,V0-,V4(cm-J)  pH(cm:V-'s'') 

at  300  K 

r 

Carrier  cone. 
•V0  - 

Mobility 

pM(cm;  V - '  s'1) 

241-600 

0.18 

8.0 

(100) 

CdTe  substrate 

1.3x10'’ 

3.0X104 

20  K 

4.2X10'5 

3.7  x  10* 

214-526 

0.19 

11.7pm 

(Ut)B 

4.6x10“ 

1.6x10* 

20  K 

2.5x10'* 

3.1  x  105 

7-233(82) 

0.20 

6.0  pm 

(ltl)B 

4.0x10“ 

1.7x10* 

77  K 

2.0XI0'5 

1.9  x  105 

162-431 

0.22 

2.0  pm 

(100) 

2.0  X  10“ 

2.0  X  10* 

77  K 

6.0X10'5 

1.6  x  10* 

32-598 

0.18 

8.6  jim 

(111)4 

CdZnTe  substrate 

1.1X10*’ 

1.0X  10* 

20  K 

9.9x10'* 

2.1  x  105 

19-405 

0.20 

9.0  pm 

(111)4 

3.1x10“ 

1.4X10* 

77  K 

2.0  X  10'5 

1  2x  105 

576-396 

0.18 

2.7  pm 

(111)4 

GaAs  substrate 

l.OxlO*’ 

1.9X10* 

30  K 

1.5  XlO'5 

5.0  x  10* 

12-  17 

0.19 

6.2  pm 

(100) 

l.OxlO17 

2.4  X  tO* 

30  K 

l.Ox  10“ 

2.4x  10* 

403-250 

0.20 

1.0  pra 

(100) 

5.0X10“ 

1.5X10* 

40 IC 

1.0x10“ 

3.0  x  105 

191-102 

0.22 

1.0  pm 

(111)4 

2.0x10“ 

1.1x10* 

50  K 

4.0  X  10'5 

l.Ox  103 

doping  in  ( 100)  ],  while  high-quality  p-type  Hg,  _xCdxTe 
layers  are  more  easily  obtained  by  growing  along  the  (11 1)5 
orientation.  Therefore  provided  that  a  good  control  of  the 
growth  parameters  is  achieved,  what  actually  can  be  done, 
(111)5  seems  to  be  the  best  orientation. 

IV.  GROWTH  ON  GaAs(100)  SUBSTRATES 

The  growth  of  high-quality  epitaxial  films  is  limited  by  the 
substrate  quality.  CdTe,  because  of  its  closeness  in  lattice 
parameter  and  its  metallurgical  compatibility  with 
Hg,  Cdx  Te,  is  a  natural  choice  for  the  substrate  material. 
However,  the  lack  of  availability  of  high-structural  perfec¬ 
tion  CdTe  substrates  has  stimulated  interest  in  growth  of 


Hgi  _xCdxTe  by  MBE  on  other  substrates.  X-ray  rocking 
curves  measured  on  samples  grown  on  CdTe,  and  CdZnTe 
substrates  indicate  that  comparable  crystalline  qualities  can 
be  reached,  but  the  nonhomogeneity  of  the  substrates  ap¬ 
pears  to  be  the  primary  limiting  factor.  Large  dispersions  in 
full  widths  at  half-maximum  (FWHM)  are  currently  ob¬ 
served  on  commercially  available  CdTe  or  CdZnTe  sub¬ 
strates.  Nevertheless,  it  is  important  to  point  out  that  when 
the  growth  conditions  are  under  good  control  and  the  sub¬ 
strates  of  high  quality,  HgCdTe  epilayers  can  almost  dupli¬ 
cate  the  crystal  quality  of  substrates.  As  an  illustration. 
FWHM  as  low  as  17  and  18  arcsec  ( Fig.  2)  were  recorded  on 
samples  grown  on  CdTe  and  CdZnTe.  Nevertheless  when 


Table  III.  Electrical  characteristics  of  p-type  HgCdTe  grown  by  MBE  between  190  and  200  'C  (no  HgTelayerat  the  interface). 


Carrier  cone. 

Mobility 

Composition 

.V0-Ar,(ctn-J>  pH(cm:V-'s_'! 

1 

Carrier  cone. 

Mobility 

Sample 

Substrate 

X 

Thickness 

at  300  K 

T 

.V,  -  <VD(cm'*) 

pH  (cm:  V  •  s  ' 

( 111)5  orientation 

196481 

CdTe 

0.20 

4.8  pm 

1.6  x  10“ 

9.0  X  103 

30  K 

6.0X10'* 

I  l  x  ny 

198484 

CdTe 

0.21 

4.3  pm 

2.9x10“ 

8.5  XlO3 

30  K 

5.1  XlO'5 

!  0  ,  10* 

242-602 

CdTe 

0.22 

11.9  pm 

2.1X10“ 

8  4x10* 

23  K 

2.0  X  10'5 

1  I  .  10* 

215-527 

CdTe 

0.23 

11.9  p  m 

5.8  XlO15 

7.5  x  tO3 

30  K 

6.2  XlO'5 

8  5  .  10- 

205-516 

CdTe 

0.29 

15.6  pm 

3. Ox  I015 

4  5x10* 

30  K 

7.5  XlO15 

3  *  «  10* 

216-528 

CdTe 

0.34 

12.1  pm 

1.6X10“ 

1.5x  10* 

77  K 

3.6x  10'5 

8  0.10- 

667-532 

GaAs 

0.20 

2.1  pin 

2.4X10“ 

l.Ox  to* 

23  K 

4.1  XlO'5 

1 2 .  io* 

681-540 

GaAs 

0.21 

3.7  pm 

2.4X10“ 

l.Ox  10* 

23  K 

3.6X  10'5 

1  1  .  10* 

583453 

GaAs 

0.22 

5.4  pm 

1.8X10“ 

6.7x10* 

30  K 

I.4x  tO'5 

3,7  ,  10- 

654-508 

GaAs 

0.25 

3,8  pm 

6.2  XlO'5 

4.5x10* 

30K 

1.1X10“ 

7  3  .  10* 

393-244 

GaAs 

0.28 

1.3  ftm 

40  K 

2.8  X  I0'5 

5  2  •  10* 

500-308 

GaAs 

0.31 

2.3  ftm 

2.6  X  10'5 

2.4x10* 

30K 

I.IX10'5 

45 . 10* 

4-319 

CdTeSe 

0.31 

7.6  lim 

3.1  XlO'5 

3.2X10* 

30  K 

2.4  X 10'5 

34.  10* 

2-310 

CdTeSe 

0.32 

9.4  fim 

2.1  XlO'5 

1.9x10* 

30K 

1.2X10'5 

S  7  .  10* 

34405 

CdZnTe 

0.24 

9.2  ftm 

8.6X10'5 

5.7X10* 

23  K 

1.4X10'5 

80.  10* 

( 100)  orientation 

673-534 

GaAs 

0.21 

4.2  fim 

2.0  X  10“ 

4  6x10* 

23  K 

3.4  x  10,s 

5  1  •  10- 

125-304 

CdTe 

0.24 

3.0  ftm 

4.1  XlO'5 

3.6x10* 

77  K 

2.0  X  10“ 

2  5  •  10* 

127-306 

CdTe 

0.29 

1.7  fim 

4.1  XlO'5 

2.9  x  10* 

77  K 

1.5x10“ 

12.10* 
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(b)  6  (□•crMtlng  -) 

Fig.  2.  X-ray  rocking  curve  recorded  along  the  (333)  direction,  using  the 
Cu -X,  line  U  *  !  540562  A),  (a)  HgCdTe  on  CdTe  substrate.  Sample 
# 242602.  reflection  (333).  (b)  HgCdTe  on  CdZnTe  substrate.  Sample 
it 38617,  reflection  (333). 


the  x-ray  probe  was  moved  the  half-width  deteriorated  due 
to  the  lack  of  uniformity  of  the  substrates.  The  lack  of  avail¬ 
ability  of  tellurium-based  substrates  makes  GaAs  very  at¬ 
tractive.  The  interest  in  growing  Hg,  _  „Cd,Te  on  GaAs  still 
exists,  despite  the  important  progress  made  in  the  improve¬ 
ment  of  CdTe  crystal  quality  during  this  last  year,  because 
CdTe  and  related  materials  are  much  more  expensive  than 
GaAs  and  not  available  in  2-  and  3-in.-diam  sizes.  Thus  it  is 
interesting  to  update  constantly  the  data  obtained  for  epi- 
layers  grown  on  these  different  substrates.  Electron  and  hole 
mobility,  and  carrier  concentration  are  chosen  for  such  com¬ 


parison  because  such  characterization  is  closely  related  to 
device  characteristics. 

Much  discussion  has  occurred  regarding  the  epitaxy  of 
CdTe  on  GaAs(  100)  since  both  (111  )B  and  ( 100)  oriented 
CdTe  can  be  grown  on  GaAs(  100 ) . "' 1 5  It  has  been  recently 
shown  that  (111  )B  orientation  and  ( 100)  orientation  CdTe 
grown  on  GaAs(  100)  are  of  high  quality,  but  also  that  the 
quality  of  the  ( 100)  CdTe  improves  when  the  oxide  is  totally 
desorbed  prior  to  growth.  In  order  to  completely  desorb  the 
oxide  the  GaAs  should  be  preheated  to  S80  *C.  However, 
this  creates  an  As  deficient  surface.  Therefore,  to  grow 
(100)  CdTe,  either  the  substrate  should  be  preheated  to 
580  *C  under  As  or  Te  flux,  or  first  Cd,  _,Zn,Te  with 
jc  >  0. 1 5  should  be  grown  after  preheating  to  580  *C.  The 
growth  of  Hg,  _xCd,Te  on  CdTe//GaAs(  100)  substrate 
has  been  previously  reported. 16  Electron  diffraction  patterns 
obtained  during  such  growth  attest  to  the  high  quality  of 
these  films.  The  observation  of  an  electron  mobility  as  high 
as  5.0 x  103  cm2  V-1  s'1  for  Hg,  _,CdxTe  (111)5  grown 
on  GaAs  indeed  indicates  that  the  quality  of  such  layers  is 
excellent.  Tables  II  and  III  display  and  compare  electrical 
characteristics  of  n-type  and p-type  Hg,  _xCd,Te  epilayers 
grown  on  various  substrates.  Using  mobility  as  a  tool  to  com¬ 
pare  the  quality  of  these  layers,  one  could  conclude  that 
Hg, _,Cd,Te  grown  on  GaAs(  100)  substrates  is  of  high 
quality,  comparable  to  that  grown  on  CdTe,  CdZnTe.  and 
CdTeSe.  Of  course  finally  the  comparison  of  IR  devices 
made  from  Hg,.,CdITe  layers  grown  on  different  sub¬ 
strates  will  provide  the  ultimate  test. 


V.  GROWTH  ON  2-IN.-DIAM  GaAs(100)  SUBSTRATES 

As  discussed  above,  the  growth  of  Hg,  _  .Cd.Te  on  2-in.- 
diam  GaAs  ( 100 )  substrates  represents  a  real  challenge  since 
all  the  growth  parameters  must  be  extremely  well  controlled. 
But  certainly  success  in  this  endeavor  will  be  an  important 
achievement  for  Hg,  _  ,Cd*Te  detector  technology.  Several 
2-in.-diam  Hg,  .^Cd.Te  layers  have  been  grown  on 
GaAs(  100).  All  of  them  exhibit  uniform  mirrorlike  sur¬ 
faces.  The  details  of  the  growth  and  characterization  are  giv¬ 
en  elsewhere.'3  In  order  to  determine  the  uniformity  in 
thickness  composition,  infrared  transmission  measurements 
have  been  performed  at  several  positions  on  the  samples.  A 
standard  deviation  (  Ajc/jc  )  as  low  as  0.7%  of  the  mean  com¬ 
position  (x)  and  likewise  a  measurement  for  &r  ft  of  0.6% 
for  the  thickness  have  been  observed  for  5-pm-thick  layers 
with  composition  around  0.22. 

For  a  p-type  film  grown  on  the  ( 1 1 1  )B  surface  the  earner 
concentration  (JVa  —  Nd)  increased  by  a  factor  of  2  from 
3.6X  10‘5  cm_,at  the  center  to  7.2  X  10l5cm~3  at  the  edge 
of  the  film,  while  the  hole  mobility  increased  from  5.7  x  102 
cm2  V-1  s-1  at  the  center  to  6.2 X 102  cm2  V~‘  s' 1  at  the 
edge.  A  2-in.-diam  n-type  Hg,  _  xCd,Te  film  was  grown  on 
the  ( 100)  surface.  For  this  film  mobility  vaned  between 
1.3 X 10* cm2  V*1  s'1  and  t.8x  I0*cm2  V-1  s'1  indicating 
a  layer  of  good  quality.  Also  for  this  n-type  layer  the  earner 
concentration  {Nt  —  N,)  ranged  only  from  4.0 x  10”  to 
4.4 x  1015  cm'3,  exhibiting  extreme  uniformity. 
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VI.  CONCLUSION 

In  this  paper  we  have  presented  recent  achievements  in 
the  growth  of  Hg,  _xCdxTe.  We  have  shown  that  in  order  to 
grow  high  quality,  homogeneous,  thick  Hg,_xCdxTe  epi- 
layers  of  large  area  the  substrate  temperature  should  not  be 
lower  than  180  *C  or  higher  than  rm„ .  We  have  discussed 
the  role  of  the  crystallographic  orientation  in  terms  of  the  Hg 
condensation  coefficient  and  the  control  of  the  conduction 
type  [n-type  Hg,  _  xCdxTe  films  can  easily  be  grown  in  the 
( 100)  orientation,  whereas  p-type  Hg,  _  xCdxTe  layers  are 
easily  grown  in  the  ( 1 1 1 )  B  orientation  ] .  Electrical  measure¬ 
ments  show  that  when  the  growth  parameters  are  well  con¬ 
trolled,  the  quality  of  Hg,_xCdxTe  grown  in  both  the 
( 1 1 1 ) B  and  the  ( 100)  orientations  is  comparable,  thus  giv¬ 
ing  the  advantage  to  the  ( 1 1 1  )B  growth  direction  which  re¬ 
quires  less  mercury.  We  confirm  that  Hg,  _xCdxTe  layers 
grown  on  GaAs  substrates  are  electrically  as  good  as  those 
grown  on  CdTe,  CdZnTe  or  CdTeSe  substrates.  We  have 
shown  that  high-quality  Hg,  _xCdxTe  films  of  2-in.-diam 
can  be  grown.  High-Hall  mobilities,  uniform  thicknesses, 
and  very  uniform  compositions  have  been  achieved  already 
in  these  films.  Further  improvements  in  the  temperature  un¬ 
iformity  of  the  samples,  along  with  increased  uniformity  of 
the  Hg  flux  on  the  samples  is  expected  to  improve  the  unifor¬ 
mity  of  Hg,  _xCdxTe  layers  with  even  larger  surface  areas. 
These  results  represent  important  achievements  toward  the 
use  of  Hg,  _  xCdxTe  layers  grown  by  MBE  for  infrared  de¬ 
tector  technology. 
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11-2-3  CdTe/Si(100) 


The  direct  growth  of  CdTe-HgCdTe  on  Silicon  substrates  is  especially  attractive 
in  view  of  producing  large  area  monolithic  IR  focal-plane  arrays,  combining 
HgCdTe  IR  detectors  with  Si  integrated  circuits  for  signal  processing.  Si  substrates 
are  commercially  available  in  large  area  and  are  inexpensive  compared  to  CdTe  or 
even  GaAs.  Therefore  Si  would  be  an  ideal  candidate  as  an  alternative  substrate 
if  19%  of  difference  between  CdTe  and  Si  lattices  did  not  exist. 

Despite  the  enormous  interest  in  a  IR  monolithic  approach  based  on  Si-based 
growth  technology  only  few  attempts  to  grow  CdTe  directly  on  Silicon  have  been 
published.  The  MPLab  has  reported  the  first  successful  growth  of  (1 1 1  )B  CdTe  on 
Silicon  by  MBE.  CdTe(iOO)  has  also  been  obtained  when  an  intermediate  layer  of 
ZnTe  is  grown  first.  The  (1 1 1  )B  oriented  layers  are  made  of  two  twinned  domains 
which  are  rotated  by  90°.  It  has  been  shown  that  using  a  8°off  Si(iOO)  substrate 
a  single  twin-free  domain  is  observed.  CdTe  layers  have  been  characterized  by 
high  energy  electron  diffraction,  photoluminescence  spectroscopy,  scanning  electron 
microscopy  and  x-ray  diffraction.  The  detail  of  this  very  exciting  work  has  been 
published  in  the  attached  paper. 

During  this  study  ’  was  found  that  the  cleaning  of  Si  substrate  is  extremely 
critical.  The  thermal  treatment  at  850°C  is  very  important  step  as  well  as  the 
background  pressure  during  the  treatment.  The  temperature  should  be  very 
uniform  across  the  entire  wafer.  In  the  current  machine  silicon  wafers  are  held 
on  the  substrate  holder  with  indium.  During  the  thermal  cleaning  procedure 

indium  tends  to  form  islands  which  leads  to  temperature  uniformity  regarding  the 
surface  of  Si.  This  is  one  of  the  major  problems  encountered  here. 

From  this  preliminary  study  it  is  concluded  that  the  new  prototype  MBE 
machine  OPUS  45  is  much  more  suitable  since  Si  substrates  are  held  without 
Indium  or  Gallium  and  a  better  temperture  uniformity  is  expected.  In  addition 
this  machine  can  handle  a  5-inch  Si  substrate  taking  full  advantage  of  Si  substrate. 

ATTACHED  PAPER: 

1.  "Molecular  beam  epitaxial  growth  of  CdTe  and  HgCdTe  on  Sl(100)." 


11-3  HgCdTe(111)B  TWIN-FREE  EPILAYERS 
11-3-1  CONTROL  OF  THE  GROWTH 


The  improvement  of  HgCdTe  MBE  grown  epilayers  in  terms  of  structural,  transport 
and  optical  properties  has  been  a  constant  concern  over  these  past  years  in  the 
MPLab.  It  is  of  extreme  importance  to  control  carefully  each  step  of  the  growth 
process.  The  surface  of  the  substrate  as  discussed  in  part  11-2-1  should  be  prepared 
under  very  clean  conditions  and  within  the  proper  temperature  range.  The  growth 
of  the  CdTe  buffer  layer  has  also  to  be  grown  under  optimized  growth  conditions 
in  order  to  obtain  the  highest  crystal  quality.  CdTe  buffer  layer  grown  either  on 
CdTe,  CdZnTe,  GaAs  or  Si  should  be  twin-free  and  should  exhibit  a  low  dislocation 
density. 

As  discussed  in  part  11-2-2  the  growth  of  CdTe  on  GaAs  has  been  improved 
drastically  during  the  contract  period  but  still  does  not  compare  with  the  best 
CdTe  grown  on  CdTe  or  CdZnTe.  The  growth  of  HgCdTe  as  reported  previously 
and  discussed  in  the  paper  "New  achievements  in  Hg^Cd^e  grown  by  MBE" 
demands  very  stringent  requirements  in  terms  of  flux  and  temperature  stability  and 
reproducibility. 

The  growth  of  twin  free  (1 1 1  )B  HgCdTe  represents  a  real  challenge.  In  addition 
to  rotation  type  twins,  reflection  type  twins  have  been  observed  as  discussed  in 
part  11-1  First  of  all  the  substrate  or  the  buffer  layer  should  be  twin  free. 
Therefore  great  care  has  to  be  taken  during  substrate  preparation  and  buffer 
layer  growth  as  discussed  before.  The  same  precautions  have  to  be  observed 
during  the  first  steps  of  the  HgCdTe  growth  in  order  to  prevent  double  positioning 
twin  formation.  During  the  growth  we  have  seen  that  an  increase  in  the  Hg  flux 
or  a  decrease  in  the  substrate  temperature  can  trigger  the  formation  of  an  antiphase 
boundary. 

The  control  of  the  Hg  flux  is  achieved  though  the  use  of  a  constant  level  Hg 
cell.  During  the  growth  and  from  run-to-run  the  Hg  flux  monitored  by  an  ion 
gauge  is  kept  within  less  than  5%  fluctuation.  The  control  of  the  substrate 
temperature  Tg  is  the  most  difficult  task  because  what  has  to  be  controlled  is,  in 
fact,  the  temperature  of  the  surface  Tgg.  We  have  verified  that  the  temperature 
indicated  by  the  thermocouple  located  in  the  back  of  the  substrate  which  rotates 

1)  does  not  give  an  accurate  reading  of  the  substrate  temperature 

2)  does  not  account  quickly  for  surface  temperature  change 


The  use  of  an  IR  pyrometer  does  not  represent  either  an  ideal  solution.  When 
Tss  is  kept  constant  at  190°C,  by  using  a  front  thermocouple,  at  the  initiation  of 
HgCdTe  growth  a  jump  of  approximately  25°C  (in  our  MBE  configuration)  occurs 
in  the  pyrometer  reading  Tp  due  to  scattered  IR  radiation  primarily  from  the  hot 
CdTe  cell  as  illustrated  in  Fig.  1.  Immediately  Tp  falls  steeply  due  to  both  the 
rapid  decrease  in  reflectance  of  the  block  and  the  fail  toward  the  first  minimum 
in  the  interference  pattern  related  to  the  presence  of  a  thin  HgCdTe  layer.  Once 
the  first  minimum  is  reached  Tp  rises  toward  the  next  maximum.  Several  more 
oscillations  of  decreasing  amplitude  follow.  After  about  1.5ym  of  growth,  the 
oscillations  are  almost  completely  gone.  At  this  point  Tp  is  approximately  15°C 
higher  than  the  reading  before  growth.  This  increase  is  primarily  due  to  emitted 
radiation  since  emittance  increases  as  cadmium  composition  decreases. 

During  this  time  the  back  thermocouple  Tg  reading  has  increased  by  15-20°C. 
In  other  words  if  Tg  is  kept  constant,  Tgg  will  decrease.  Then  the  Hg  flux  kept 
constant  will  become  too  high  since  the  Hg  sticking  coefficient  changes  drastically 
with  temperature  and  reflection  twin  visible  on  the  RHEED  pattern  will  be  formed. 
From  these  experiments  it  appears  that  the  control  of  the  surface  substrate 
temperature  Tss  which  is  a  key  parameter  and  should  be  kept  constant  within  1°C 
is  an  extremely  difficult  task.  The  Microphysics  Laboratory  has  devoted  a  lot  of 
time  in  order  to  achieve  the  best  control  of  Tgg. 

Since  a  front  thermocouple  cannot  be  left  during  conventional  growth  using 

rotation,  a  double  control  involving  a  back  thermocouple  and  an  IR  pyrometer 
along  with  the  knowledge  based  on  tedious  experiments  identical  to  the  one 
describe  before,  is  currently  utilized  in  the  Microphysics  Laboratory.  It  is  very 
important  to  point  out  that  if  these  observations  are  certainly  valid  for  MBE 
growth  of  HgCdTe  carried  out  in  any  MBE  machine  and  using  a  substrate  stuck 

with  Gallium  on  a  Molybdenum  block,  the  magnitude  of  relative  changes  between 
Tg,  Tp  and  Tgg  will  depend  strongly  on  the  substrate  heater  technology  and 

effusion  cell  geometry.  These  investigations  have  resulted  in  a  better  control  of 
the  surface  preparation,  the  stability,  and  reproducibility  of  all  the  fluxes  and  the 
surface  substrate  temperature.  This  improvement  has  been  confirmed  by  the  growth 
of  twin-free  HgCdTe(111)B  illustrated  in  the  ECP  of  Fig.  2  and  excellent  results 

for  epilayers  grown  in  (21 1  )B  orientation  presented  in  part  11-3-3 


FIGURE  CAPTIONS: 


Fig.  1 


Fig.  2 


Plot  of  the  temperature  pyrometer  reading  Tp  vs  t  for  Hg1_xCdxTe 
(x  =  0.26)  grown  on  CdTe(111)B.  During  the  experiment  the  surface 
temperature  of  the  substrate  Tss  is  kept  constant  at  190°C. 

Electron  channeling  pattern  along  the  (ill)  axis  of  a  twin  free 
HgCdTe  (1 1 1  )B  layer  grown  on  CdZnTe(111)B  substrate. 


Molecular  beam  epitaxial  growth  of  CdTe  and  HgCdTe  on  Si  (100) 

R.  Sporken,  S.  Sivananthan,  K.  K.  Mahavadi.  G.  Monfroy,  M.  Boukerche, 
and  J.  P.  Faurie 

Microphysics  Laboratory.  Department  of  Physics.  University  of  Illinois  at  Chicago.  Chicago.  Illinois  60680 

(Received  17  July  1989;  accepted  for  publication  24  August  1989) 

CdTe  has  been  grown  on  Si{  100)  by  molecular  beam  epitaxy.  Two  orientations  can  be 
obtained:  (111)5  CdTe  when  the  CdTe  is  deposited  directly  on  the  Si ( 100)  substrates,  and 
( 100)CdTe  when  an  intermediate  layer  of  ZnTe  is  grown  first.  The  (111)5  oriented  layers  are 
made  of  two  domains  which  are  rotated  by  90°.  A  layer  with  only  one  domain  can  be  grown  on 
Sit  100)  misoriented  by  8*.  but  the  best  misorientation  for  this  purpose  still  needs  to  be  found. 
These  layers  were  characterized  by  reflection  high-energy  electron  diffraction, 
photoluminescence  spectroscopy,  scanning  electron  microscopy,  and  x-ray  diffraction. 

Hg,  _  (Cd,Te  has  also  been  grown  by  molecular  beam  epitaxy  on  (111)5  CdTe  on  Si  ( 100). 


The  narrow  band-gap  semiconductor  mercury  cad¬ 
mium  tellunde  (Hg,  .  ,CdtTe)  is  actively  studied  by  sever¬ 
al  groups  because  of  its  high-technology  application  in  in¬ 
frared  (IR)  detection  and.  possibly,  telecommunication. 
Over  the  past  several  years,  significant  progress  has  been 
achieved  in  the  growth  of  epitaxial  layers  of  this  semiconduc¬ 
tor.  More  specifically,  molecular  beam  epitaxy  (MBE)  has 
now  reached  a  state  where  layers  with  sufficient  quality  for 
photovoltaic  detectors  can  be  produced. 

CdTe  and  CdZnTe  are  the  most  widely  used  substrates 
for  epitaxial  growth  of  Hg,  _  ,CdrTe.  Unfortunately,  it  is 
difficult  to  produce  good  single  crystals  of  these  materials  on 
a  large  area,  and  these  substrates  are  very  expensive.  Silicon 
is  an  attractive  candidate  as  an  alternative  substrate  for 
Hg,  ,  Cd.Te.  High  quality  Si  wafers  are  commercially 
available  in  iarge  areas  and  they  are  inexpensive  compared  to 
CdTe  or  even  GaAs.  The  main  advantage  of  growing  CdTe 
or  Hg,  ,  Cd.  Te  directly  on  silicon  is  that  it  could  eventual¬ 
ly  become  possible  to  fabricate  large-area  monolithic  IR  fo¬ 
cal  piane  arrays  taking  advantage  of  the  well-deveioped  Si 
integrated  circuit  technology.  However,  one  severe  problem 
vith  this  neteroepitaxy  is  the  very  large  <  19^)  lattice  mis- 
matcn  netween  CdTe  and  Si. 

So  far.  only  few  attemots  to  grow  CdTe  directly  on  sili¬ 
con  have  oeen  puolished.'  Althougn  the  orientation  of  the 
CdTe  is  not  soecifieum  some  cases,  it  seems  that  i  100)CdTe 
was  ootaineu  by  both  MBE'  and  low-pressure  metaiorganic 
cnemicai  vaoor  deposition. "  One  group  reports  the  growth 
f  (111)5  CdTe  on  Sit  111)  by  MBE.  but  they  use  a 
Ca.  Ba )  F ,  butfer  iaver. ' 

In  this  ietter  we  report  our  first  successful  growth  of 
■  111)5  CdTe  and  (100)CdTe  on  silicon  by  MBE.  The 
111)5  orientation  was  obtained  by  growing  CdTe  directly 
on  Si(  100).  whereas  an  intermediate  layer  of  ZnTe  was  used 
to  obtain  the  t  100)CdTe  orientation.  We  have  also  grown 
He,  ,Cd.  Tebv  MBE  on  t  111)5  CdTe  grown  on  Si ( 100). 
The  CdTe  films  were  characterized  by  reflection  high-ener¬ 
gy  electron  diffraction  (RHEED).  scanning  electron  mi¬ 
croscopy  tSEM).  photoluminescence  (PL)  spectroscopy, 
and  x-ray  diffraction  measurements. 

Si ( 100)  wafers,  both  oriented  and  misoriented  by  8* 
towards  (011).  were  used  for  this  experiment.  They  were 
cleaned  using  a  procedure  developed  by  Ishizaka  and  Shir- 
akif'  This  method  is  a  wet  chemical  etching,  which  leaves  the 


silicon  surface  with  a  thin  protective  oxide.  The  sample  is 
then  outgassed  in  vacuum  at  500  °C  for  several  hours  before 
the  oxide  is  removed  in  the  growth  chamber  by  heating  at 
850  °C.  On  such  a  surface,  no  sign  of  contamination  could  be 
detected  by  x-ray  induced  photoelectron  spectroscopy 
(XPS)  or  Auger  electron  spectroscopy  (AES). 

Figure  1  shows  RHEED  patterns  obtained  during  the 
growth  of  CdTe  directly  on  Si  ( 100).  The  CdTe  grows  in  the 
(111)  orientation,  and  two  domains  rotated  by  ^0°  are  ob¬ 
served.  For  this  epitaxial  relationship,  the  [21 1  [CdTe  axis  is 
parallel  to  either  the  [Oil  ]  or  the  [011]  Si  axis.  In  this  direc¬ 
tion.  the  lattice  mismatch  is  reduced  to  only  3.4<~r  After  1 
fim  of  CdTe.  some  roughness  is  still  seen  in  the  1 0 1  f  ]  CdTe 
direction,  whereas  the  streaked  pattern  corresponding  to  the 


(e)  (d) 

FIG  I  RHEED  patterns  obtained  during  the  growth  t  t  it.-  .n 
Si l  100).  e-beam  along  Si (01 1 1.  i at  I  pm  CdTe.  ibi  .  i  ; 

<im  CdTe  on  Sit  100)  cut  H'  off  axis  and.  id)  same  -  4 
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[211]  CdTe  azimuth  shows  that  the  surface  of  the  domains  is 
smooth  in  this  direction.  The  diffraction  patterns  eventually 
become  streaked  in  both  directions,  and  very  weak  higher 
order  streaks  are  sometimes  observed.  Because  of  the  super¬ 
position  of  the  two  domains  and  because  the  higher  order 
streaks  are  too  weak,  we  could  not  yet  identify  the  recon¬ 
struction.  It  is  clear,  however,  that  the  (2x2)  reconstruc¬ 
tion  which  is  always  observed  on  a  ( 1 1 1  )A  CdTe  face  grown 
by  MBE  is  not  observed  here.  We  conclude  that  a  ( 1 1 1  )B 
•  face  is  obtained  on  Si  ( 10X3)  in  our  experiment.  This  fact  will 
be  confirmed  later  based  on  the  growth  of  Hg,  _  tCd,Te  on 
these  CdTe  layers. 

We  have  grown  up  to  20-/im-thick  layers  of  CdTe  on 
Si(  100)  at  a  growth  rate  of  2.6  A  s“ '.  These  layers  are  quite 
smooth,  as  is  seen  from  the  RHEED  pattern  in  Fig.  1(b). 
Figure  2  shows  a  SEM  image  of  the  surface  of  a  20-^m-thick 
CdTe  layer  on  Si(100).  This  surface  shows  some  weak 
roughness  on  a  micron  scale,  associated  with  the  growth  of 
hexagonal  columns.  In  the  case  of  GaAs  on  Si.  film  cracking 
during  the  cooling  has  sometimes  been  reported  when  the 
layer  thickness  exceeds  several  microns.10  We  did  not  ob¬ 
serve  such  problems  for  CdTe  on  Si(  100). 

Low-temperature  ( 1 2  K )  PL  spectra  were  measured  on 
CdTe  epitaxial  layers  to  investigate  the  quality  of  these  lay¬ 
ers.  The  514.5  nm  line  of  a  50  mW  Ar-ion  laser  was  used 
here.  A  PL  spectrum  measured  on  an  S-um-thick  layer  of 
1  111)2?  CdTe  grown  on  Si(100)  is  shown  in  Fig.  5.  The 
narrower  peak  at  1.592  eV  is  attributed  to  bound  exciton 
BE)  recombinations  and  perhaps  some  band-to-band  tran¬ 
sitions  from  near-oand-edee  states.  The  broader  feature 
urouna  1 .55  eV  i  is  due  to  band-to-acceptor  radiative  tran¬ 
sitions/ '  It  it  generally  accepted  that  this  band  is  related  to 
some  kind  of  defects  or  impurities  in  CdTe.  but  no  informa¬ 
tion  on  the  microscopic  origin  of  these  transitions  is  avail¬ 
able.  An  identification  of  the  nature  of  the  defects  or  impuri¬ 
ties  involved  is  beyond  the  scope  of  this  letter.  Also  a  detailed 
study  of  the  influence  of  the  parameters  used  for  the  MBE 
growth  still  needs  to  be  done. 

The  photoiuminescence  full  width  at  half  maximum 
FWHM)  and  the  intensity  of  the  BE  band  can  be  usea  to 
judge  the  quality  of  the  CdTe  layers.  In  the  spectrum  of  Fig. 
3.  the  higher  energy  BE  peak  has  a  FWHM  of  7.5  meV.  and  a 
-nouider  aue  to  a  pooriv  resoived  oeak  is  even  distinguished 
at  tne  right-hana  siae  of  the  bana.  We  nave  measured 


FIG.  2.  SEM  micrograph  of  the  surface  structure  near  a  cleaved  edge  of 
CdTe  on  Sit  100). 


T  =  13  K 
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FIG.  3.  12fCphotoluminescencespectrumofCdTeonSu  100)  excited  with 
a  50  mW  Ar-ion  laser  at  514.5  nm  wavelength. 

FWHMs  as  low  as  5.6  meV  on  some  samples,  which  com¬ 
pare  very  well  with  the  value  of  5  meV  reported  for  high 
quality  CdTe  grown  on  GaAs.;i  The  intensity  ratio 
1 1  <4«tV,i  ?n>ev  is  0.5  for  the  spectrum  shown  in  Fig.  5.  Al¬ 
though  it  is  difficult  quantitatively  to  compare  this  intensity 
ratio  with  other  published  values  because  it  depends  on  ex¬ 
periments!  parameters  such  as  the  iaser  power,  these  resuits 
give  direct  evidence  of  the  successful  growth  of  the  epitaxial 
iayers  of  CdTe  on  Si(  100)  and  are  very  encouraging  for  fu¬ 
ture  use  of  these  substrates  for  the  growth  of  CdTe  ana 
HgCdTe  by  MBE.  However,  the  natural  FWHM  f  the 
CdTei333)  x-ray  diffraction  line  determined  from  joupie- 
crystai  rocking  curves  is  still  very  large  i  lh-10  .rcmm  . 
which  means  jhat  the  structural  quality  of  these  ia\ers  -teeas 
to  be  signifidjfcly  improved.  This  should  be  no»Mbie  f  •  -,e 
>ubsrrate  cleaning  procedure  can  ire  optimized.  '  !■  rc  --c- 
cincaiiy.  the  vacuum  requirements  appear  to  "  'rc 

•tnngem  for  silicon  than  for  CdTe.  and  a  different  .■••  ..:i::.ic 
procedure  should  also  be  used.  These  points  arc  -  v  'c::ic 
.nvestigatea. 

1 1 1  iCdTe  can  also  be  grown  on  Su  'J'O  -•  ■> 

owarus  m)1  1  >.  The  RHEED  pattern  corresponui  'c  . 
.m-thick  layer  of  CdTe  show  that  these  films  :u-.  ::.c 

iomam  structure  :  Fig.  1  c  i. 'Ve  suggest  ui-i  ::-s  _  ■  -j 

:ue 'o  the  reconstruction  of  the  Si  surface  itscd  .. 

•een -nown  that  a  double  domain  ■  2  :vc.  n-  -  •  - 

'Otained  on  Sii  100 1  whereas  a  singie  domain  2 
•jmed  when  the  Sii  100)  is  cut  off  axis  r>>  a 

Although  the  8*  tilt  changes  the  dounic-ion'.i.  -.  - 

:ure  into  a  single-domain  one.  it  does  not  reduce  •  :  A  MM 

of  the  x-ray  diffraction  rocking  curves.  This  coma  ~c  ...c  •.» 
two  reasons.  First,  even  though  the  suosiraie  .  ps  m 
suppress  the  double-domain  structure,  the  best  .  .(,^c  >  he 
tilt  angle  still  needs  to  be  found.  Initially,  a  tilt  aneie  i  •  vax 
chosen  because  it  is  expected  to  produce  enouen  ;  unle 
atomic  steps  to  generate  dislocations  in  order  ...  mmo- 
date  the  \9%  lattice  mismatch  between  t  It'D  t  alc  md 
Si(  100).  However,  since  the  (111)  orientation  s  «• 
when  CdTe  is  grown  directly  on  Si(  100)  by  MBF..  as  mis¬ 
match  is  reduced  to  3.4^  in  the  [21 1 )  CdTe  jire.- ■■  n  In 
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FIG.  4  RHEED  patterns  obtained  during  the  irowtn  of  i  100'CJTe  on 
in  100'  witn  an  intermeuiaie  laveror  ZnTe.  i  a  /  500  A  or  ZnTe.  b  ■>  um  ot 
CdTe.  E  =  40  keV.  a-neam  alone  Si  (Oil  I 


this  case  a  smailer  nit  angie  can  probably  be  used. 

Second.  ;he  cleaning  of  these  tilted  substrates  is  even 
more  difficult  than  for  regular  Si ( 100).  since  even  very  low 
-urface  imcurity  concentrations  seem  to  create  facetting  in 
■ome  cases.  Since  the  cleaning  of  the  Si  substrate  is  the  most 
critical  steo  in  these  experiments,  oarticuiar  care  needs  to  be 
\iken  during  the  preparation  of  tilted  Si  (  100!  suostrates  ori- 
>r  to  -ne  growth  of  CuTe  by  MBE. 

The  growth  of  1  !C0 'CdTe  is  obtained  when  a  layer  of 
ZnTe  is  rirst  uenositeu  on  Sii  100'.  This  is  illustrated  in  Fig. 
•*.  which  snows  RHEED  patterns  ootained  at  two  reoresen- 
•af.se  stages  of  ’he  growrn.  it  can  r»e  seen  tnat  the  ZnTe 
grows  \  ta  a  three-dimensional  mecnanism  and  that  the  f.lms 
.re  -nil  rougn  'after  f 00  A.  When  tne  growtn  of  the  CdTe  is 
-tarteo.  his  roughness  s  reduced  and  eventually  the 
RHEED  pattern  of  a  smooth  i  IDOlCdTe  surface  is  oo- 
aineu.  This  -esuit  is  similar  to  the  one  reported  for  the 
growth  of  CdTe  on  GaAst  100)  by  VIBE.  ‘  where  the 
growth  of  a  Cd.  .  Zn  Te  layer  at  the  interface  can  control 
whether  the  CdTe  grows  in  the  i  100)  or  the  (  111  )5onenta- 
rion.  depending  on  the  composition  of  the  CdZnTe  layer. 

Finally,  a  tirst  attempt  has  been  made  to  grow 
Hg,  ,Cd,Te  on  CdTe  grown  on  Si(  100).  The  CdTe  layer 
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was  grown  at  190  *C.  Figure  1(d)  shows  that  a  smooth  sur¬ 
face  is  obtained  and  that  the  two  domains  in  the  CdTe  layer 
are  present  throughout  the  HgCdTe  layer.  The  composition 
jr  and  the  thickness  were  measured  by  Fourier  transform 
infrared  transmission  spectroscopy.  The  values  obtained  are 
x  =  0.22  and  d  =  4gzm.  The  same  thickness  is  also  deduced 
from  a  SEM  observation  of  a  cleaved  edge  of  the  sample.  The 
Hg  flux  used  for  this  growth  was  the  same  as  what  is  usually 
needed  for  the  growth  of  Hg,  _  (Cd,Te  on  ( 1 1 1  )B  CdTe  at 
190  °C.  Since  the  Hg  flux  for  the  growth  on  (111)/!  CdTe 
would  be  about  ten  times  higher.14  this  comfirms  that  the 
(111)5  orientation  is  obtained  on  Si  ( 1 00 ) . 

In  summary,  we  have  grown  (111  )5  CdTe  and 
( 100)CdTeonSi(  100)  by  MBEdespitethe  lattice  mismatch 
of  19%.  The  ( 111)5  orientation  is  obtained  directly  on 
Si(  100),  whereas  a  layer  of  ZnTe  is  grown  at  the  interface  in 
order  to  obtain  the  ( 1 00 )  orientation.  HgCdTe  has  also  been 
grown  by  MBE  on  top  of  the  (111)5  CdTe  layers  on 
Si(  100).  Tilting  the  Si ( 100)  surface  helps  to  suppress  a  dou¬ 
ble-domain  structure  in  the  i  1 1 1 )  layers,  but  the  best  tilt 
angle  still  needs  to  be  found.  Photoluminescence  data  oo¬ 
tained  on  these  layers  are  encouraging  for  the  future  use  of  Si 
as  alternative  substrates  for  the  growth  of  CdTe  and 
HgCdTe. 
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Tss  is  kept  constant  at  190°C,  by  using  a  front  thermocouple,  at  the  initiation  of 
HgCdTe  growth  a  jump  of  approximately  25°C  (in  our  MBE  configuration)  occurs 

in  the  pyrometer  reading  Tp  due  to  scattered  IR  radiation  primarily  from  the  hot 
CdTe  cell  as  illustrated  in  Fig.  1.  Immediately  Tp  falls  steeply  due  to  both  the 
rapid  decrease  in  reflectance  of  the  block  and  the  fall  toward  the  first  minimum 
in  the  interference  pattern  related  to  the  presence  of  a  thin  HgCdTe  layer.  Once 
the  first  minimum  is  reached  Tp  rises  toward  the  next  maximum.  Several  more 
oscillations  of  decreasing  amplitude  follow.  After  about  1.5pm  of  growth,  the 
oscillations  are  almost  completely  gone.  At  this  point  Tp  is  approximately  15°C 

higher  than  the  reading  before  growth.  This  increase  is  primarily  due  to  emitted 
radiation  since  emittance  increases  as  cadmium  composition  decreases. 

During  this  time  the  back  thermocouple  Tg  reading  has  increased  by  15-20°C. 

In  other  words  if  Tg  is  kept  constant,  Tgg  will  decrease.  Then  the  Hg  flux  kept 

constant  will  become  too  high  since  the  Hg  sticking  coefficient  changes  drastically 
with  temperature  and  reflection  twin  visible  on  the  RHEED  pattern  will  be  formed. 
From  these  experiments  it  appears  that  the  control  of  the  surface  substrate 
temperature  Tgg  which  is  a  key  parameter  and  should  be  kept  constant  within  1°C 
is  an  extremely  difficult  task.  The  Microphysics  Laboratory  has  devoted  a  lot  of 
time  in  order  to  achieve  the  best  control  of  Tgg. 

Since  a  front  thermocouple  cannot  be  left  during  conventional  growth  using 
rotation,  a  double  control  involving  a  back  thermocouple  and  an  IR  pyrometer 
along  with  the  knowledge  based  on  tedious  experiments  identical  to  the  one 
describe  before,  is  currently  utilized  in  the  Microphysics  Laboratory.  It  is  very 
important  to  point  out  that  if  these  observations  are  certainly  valid  for  MBE 
growth  of  HgCdTe  carried  out  in  any  MBE  machine  and  using  a  substrate  stuck 
with  Gallium  on  a  Molybdenum  block,  the  magnitude  of  relative  changes  between 
Tg,  Tp  and  Tgg  will  depend  strongly  on  the  substrate  heater  technology  and 
effusion  cell  geometry.  These  investigations  have  resulted  in  a  better  control  of 
the  surface  preparation,  the  stability,  and  reproducibility  of  all  the  fluxes  and  the 
surface  substrate  temperature.  This  improvement  has  been  confirmed  by  the  growth 
of  twin-free  HgCdTe(lll)B  illustrated  in  the  ECP  of  Fig.  2  and  excellent  results 
for  epilayers  grown  in  (21 1  )B  orientation  presented  in  part  11-3-3 

FIGURE  CAPTIONS: 

Fig.  1  Plot  of  the  temperature  pyrometer  reading  Tp  vs  t  for  Hg^CdxTe 
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(x  =  0.26)  grown  on  CdTe(1ll)B.  During  the  experiment  the  surface 
temperature  of  the  substrate  Tss  is  kept  constant  at  190°C. 

Electron  channeling  pattern  along  the  (111)  axis  of  a  twin  free 
HgCdTe  (1 1 1  )B  layer  grown  on  CdZnTe(111)B  substrate. 


Fig.  2 


11-3-2  HgCdTe  (lll)B-COMPARISON  BETWEEN  TWINNED  AND  TWIN-FREE  LAYERS 


Hg^CdxTe  twinned  layers  grown  by  the  Microphysics  Laboratory  in  the  (lll)B 
orientation  usually  exhibit  a  p-type  character  with  hole  mobility  approaching  or  even 
exceeding  lO^cm^v^s-1^)  and  excess  carrier  lifetime  in  the  20-100  x  10~®s.(2) 
An  excellent  electrical  mobility  is  often  considered  to  be  associated  with  an 

excellent  crystal  quality.  It  turns  out  that  it  is  not  precisely  the  case  here. 

All  the  layers  exhibiting  I03cm2v~1s~1  have  been  investigated  using  x-ray 
diffraction.  X-ray  rocking  curve  recorded  for  the  (422)  reflection  have  shown  for 
all  of  them  6  peaks  while  rotating  the  sample  about  the  <11 1>  axis  while  only  three 
peaks  should  be  observed  in  a  twin-free  epilayer.  These  findings  were  confirmed 
by  ECP  experiments.  The  first  thought  was  that  the  presence  of  twins  does  not 
degrade  the  hole  mobility.  In  order  to  confirm  this,  two  HgCdTe  epilayers  (x  = 
0.25)  have  been  grown  under  the  same  growth  condition  except  that  the  Hg  flux 
was  increased  several  times  for  several  minutes  during  the  growth  of  layer  A 
whereas  for  layer  B  the  twin-free  growth  conditions  have  been  applied.  X-ray 

diffraction  confirmed  that  layer  B  is  twin-free  and  layer  A  is  twinned.  Both 

layers  have  a  p-type  character,  however,  whereas  layer  A  exhibits  a  hole  mobility 
of  900cm2v-1s_1  layer  B  has  only  a  hole  mobility  of  300cm2v-1s-1  at  23K.  All  the 
twin-free  p-type  layers  grown  so  far  have  a  hole  mobility  not  exceeding  500 
cmV's-1. 

In  addition  the  carrier  concentration  N^-Nq  for  p-type  twinned  layers  has  been 
consistently  found  to  be  in  the  1-5  x  1016cm“3  and  from  the  Hall  data  curve  fitting 
Na  has  been  calculated  to  be  in  the  5-8  x  1016cm-3  range  as  reported  before. (3) 
P-type  twin-free  layer  displays  a  much  lower  carrier  concentration:  N^-Nq  is  in 
the  low  io15  cm"3  range.  The  decrease  in  N^-Nq  is  so  drastic  in  twin-free 
layers  that  many  of  them  turned  to  be  n-type.  Anyway  the  lower  hole  mobility 
in  twin-free  layers  cannot  be  explained  by  an  increase  in  scattering  due  to  a 
larger  acceptor  concentration  since  it  is  the  opposite.  Therefore  it  is  concluded  that: 

1)  electrically  active  acceptors  are  associated  with  the  presence  of  twins 
in  HgCdTe 

2)  a  relationship  exists  between  the  high  hole  mobility  and  the  presence  of 
twins  in  HgCdTe. 


Hgi_xCdxTe  grown  at  200°C  under  Te-rich  conditions,  such  as  MBE  but  under 


thermal  equilibrium  conditions,  unlike  MBE,  should  produce  an  intrinsic  hole 
concentration  due  to  Hg  vacancy  close  to  1  x  I016cm_3.(4'5)  Hence  it  appears 
that  in  the  (lll)B  orientation  twinned  layers  have  a  p-type  doping  level  exceeding 
the  one  expected  from  growth  under  thermodynamical  equilibrium  at  the  same 
temperature.  In  addition  the  fact  that  fast  low  temperature  isothermal  (mercury- 
rich)  anneals  make  the  (111)8  materials  even  more  p-type  leads  us  to  believe  that 
extended  defects  are  mostly  responsible  for  the  electronic  activity  in  the  as- 
grown  material.  The  increase  in  the  acceptor  level  could  be  explained  by  the 
presence  of  numerous  (111)A  planes  in  the  twin  boundaries  and  antiphase  boundaries. 
As  reported  before^  a  (111 )A  plane  which  is  Hg  terminated  is  very  unstable  and 
thus  should  have  a  Hg-vacancy  density  higher  than  the  one  thermodynamically 
calculated  for  a  bulk  crystal. 

Concerning  the  high  hole  mobility  no  clear  explanation  has  yet  beer  round. 
However  it  is  possible  that  with  the  excess  of  mercury,  which  triggers  the  formation 
of  Hg-rich  antiphase  boundaries,  Hg-rich  alloy  zones  are  formed  in  the  crystal. 
Therefore  numerous  Type  III  (semimetal-semiconductor)  Interfaces  exist  within  the 
crystal,  it  has  been  discovered  and  explained^7-®)  that  a  high  hole  mobility  due 
to  light-heavy  hole  effective  mass  is  associated  with  Type  III  interface.  Hence 
the  measured  Hall  mobility  in  these  non-homogenous  crystals  would  average  the 
high  hole  mobility  associated  with  the  Type  III  interface  holes  and  the  low  hole 
mobility  of  the  bulk. 

Indium  diffusion  experiments  which  have  been  carried  out  in  doped  Quantum 

well  (111)8  structures^)  have  shown  that  several  In  diffusion  coefficients  are 

required  to  explain  the  observed  secondary  Ion  mass  spectrometry  data.  A  fraction 
of  the  Indium  has  been  found  to  be  fast  diffusing  through  a  defect  related  matrix. 

Another  important  difference  related  to  etch-pit  density  (EPD)  and  reported  in 

Table  I  has  been  found  between  twinned  and  twin-free  layers  in  good  agreement  with 
ref.  10.  EPO  count  which  is  related  to  dislocation  density,  is  determined  using  defect 
chemical  etching  solution  suitable  for  the  Investigated  crystallographic  orientation. 
The  percentage  of  twin  has  been  qualitatively  determined  from  x-ray  diffraction 
by  comparing  the  intensities  of  twin-related  peaks  with  crystal  lattice  peaks. 


TABLE  I 


Hgi_xCdxTe  Samples 

X 

Twin 

EP0(cnrT2) 

935 

0.24 

50% 

8x10® 

933 

0.33 

10% 

5x10s 

932 

0.21 

0 

8x1 04 

One  can  see  that  by  eliminating  twins  EPD  can  drop  tremendously  indicating  a  drastic 
improvement  in  the  crystal  quality  unexpectedly  associated  with  a  decrease  in  the 
hole  mobility  measured  by  Hall  in  p-type  layers. 

Very  long  isothermal  annealings  have  been  performed  on  twinned  and  twin-free 
(11 1  )B  HgCdTe  layers  and  very  similar  residual  doping  level  have  been  found.  The 
material  is  n-type  with  a  background  level  in  the  5  x  1015  -  2  x  1016cm-3  range. 
This  background  does  not  seem  to  be  controlled  by  residual  Impurities.  SIMS  analysis 
indicates  that  MBE  layers  are  very  clean.  Although  all  the  complex  relationships 
between  growth  parameters  and  intrinsic  doping  are  not  fully  understood  it  is  currently 
postulated  that  the  residual  donor  doping  level  in  MBE  grown  HgCdTe  layers  is 
due  to  tellurium  atoms  in  antisite  position  i.e.  replacing  Hg  atoms.t11) 

We  have  also  found  evidence  from  dopant  diffusion  such  as  indium  and  junction 
formation  experiment  using  our  low  ion  energy  sputtering  technique  that  one 
diffusion  component  Is  very  fast.  We  believe  that  this  fast  component  Is  related 
to  the  twin  boundaries.  We  have  not  yet  been  able  to  establish  a  formal  proof  of 
it. 

Table  II  provides  a  brief  summary  of  the  main  differences  between  (111)B  twinned 
and  twin-free  layers  grown  by  MBE. 


TABLE  II 


Twinned  Layer 

Twin- Free  Layer 

Conduction  Type 

p-type 

p-type  -  n-type 

p-type  layers 

na  -  nd 

Hole  mobility 

2-5x1 016cm“3 
800-l600cm2/vsec 

l-2xl015cm~3 

300-500cm2/vsec 

EPD 

10®-10^cm“2 

104-I05cm“2 

Residual  doping 

level  after 

isothermal  annealing 

5x1015- 

2xl016cm-3 
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11-3-3  GROWTH  IN  (211)8  ORIENTATION 


The  progress  accomplished  in  the  growth  in  the  (1 1 1  )B  orientation  has  been 
used  to  control  in  a  better  way  the  growth  in  different  orientations.  We  have 
devoted  our  recent  efforts  in  the  growth  along  the  <21 1>  azimuth  where  the 
twinning  problem  does  not  appear  as  severe  as  in  the  (111)B.  The  layers  grown 
in  the  (211)B  orientation  under  the  stringent  growth  control  previously  discussed 
exhibit  excellent  properties.  As  an  example  the  layer  #1008  has  the  following 
characteristics: 


x  =  0.18 

thickness:  16.2pm 


Nd-Na:  I.9x1014cm-3  at  15K 

electron  mobility:  l.lxIO^cm^v^s-1  at  15K 

lifetime:  9xl0~6sec  at  250K 

2.2x1 0_6sec  at  77K 

This  result  reflects  the  state-of-the-art  of  the  growth  of  HgCdTe  alloys 
Microphysics  Laboratory.  These  results  are  at  least  as  good  as  the  best 
ever  reported  for  HgCdTe  grown  by  any  technique  for  this  composition, 
fabricated  on  twin-free  (211)B  layers  showed  improved  operational  yields.^1) 


in  the 
results 
Diodes 
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11-4  MBE  GROWTH  AND  CHARACTERIZATION  OF  TWO-INCH  DIAMETER  P-  AND 
N-TYPE  Hg^CdjJe  FILMS  ON  GaAs(IOO)  SUBSTRATE 

The  growth  of  p-type  and  n-type  layers  have  been  successfully  achieved  on 
two-inch  GaAs(IOO)  substrates.  Their  surfaces  were  shiny  and  mirror-like  from 
center  to  edge.  Their  thicknesses  were  uniform  within  0.6%.  Their  Cd  concentrations 
(x)  were  very  uniform,  exhibiting  standard  deviations  Ax/x  as  low  as  0.7%.  These 
films  were  completely  uniform  in  their  conduction  types,  that  is,  the  n-type  films 
were  entirely  n-type,  and  likewise  for  the  p-type  films.  The  Hall  mobilities  of 
these  films  show  them  to  be  of  high  quality,  with  values  as  high  as  6.7X1 0a  cm2' 
ls_1  for  p-type  (x=0.22),  and  1.8xl08cmav"ls-1  for  the  n-type  films  (x=0.2l). 
These  results  represent  an  important  achievement  towards  the  future  of  infrared 
detector  technology.  For  more  details  see  the  attached  paper.  In  summary 
composition  uniformity  on  a  2-inch  wafer  matches  the  requirements  in  terms  of 
wavelength  cutoff  dispersion  for  an  IR  detector. 

ATTACHED  PAPER: 

1.  ‘Molecular  beam  epitaxial  growth  and  characterization  of  two-inch  diameter 
Hgi_xCdxTe  films  on  GaAs(lOO)  substrates.* 
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Hg,  _  .Cd.Te  films  with  2  in.  diameters  have  been  grown  by  molecular  beam  epitaxy  on 
GaAs  ( 100)  substrates.  These  films  were  grown  in  both  the  ( 100)  and  ( 111)5 
crystallographic  orientations  and  in  both  conduction  types.  They  were  characterized  by  in  situ 
electron  diffraction,  infrared  absorption,  and  van  der  Pauw  dc  Hall  measurements.  Their 
surfaces  were  shiny  and  mirrorlike  from  center  to  edge.  The  Cd  concentrations  (x)  of  these 
films  were  very  uniform,  exhibiting  standard  deviations  (Ax)  as  low  as  0.7%  of  the  mean  (x). 
Their  thicknesses  also  were  uniform  within  0.6%.  These  films  were  completely  uniform  in 
their  conduction  types;  that  is,  the  n-type  films  were  entirely  n  type,  and  likewise  for  the  p-type 
films.  The  Hall  mobilities  of  these  films  show  them  to  be  of  high  quality,  with  values  as  high  as 
6.7  x  10*  cm2  V-'  s-'  for  the  p-type  (x  =  0.22)  and  1.8  X105  cm2  V-'  s_l  for  the  n-type  films 
(x  =  0.21 ).  These  results  represent  an  important  achievement  toward  the  future  of  infrared 
detector  technology. 


Hg,  _  ,Cd„Te  is  the  most  important  material  for  in¬ 
frared  detectors  and  imaging  arrays,  and  has  promise  for 
applications  in  fiber-optic  telecommunication  systems.  This 
is  primarily  due  to  the  fact  that  the  band  gap  for 
Hg,.  .  ,Cd,Te  is  a  function  of  the  Cd  concentration  (x)  as 
well  as  the  ambient  temperature  (T).  There  are  two  main 
windows  in  the  atmosphere  of  the  earth  with  wavelengths  in 
the  3-5  fim  and  8-14^m  regions,  while  fiber-optic  telecom¬ 
munication  systems  currently  operate  in  the  1.3-1. 6  fsm 
range.  Control  of  the  x  value  during  growth  ofHg,  _,Cd,Te 
tailors  the  band  gap  to  fall  into  the  energy  ranges  for  all  these 
wavelength  regions. 

As  the  molecular  beam  epitaxial  (MBE)  growth  tech¬ 
nique  has  continued  to  improve  for  Hg,  _  ,CdrTe  epilayers, 
the  prospects  for  films  of  larger  area  have  begun  to  be  ex¬ 
plored.  These  larger  area  films  are  important  for  imaging 
arrays  and  will  be  especially  vital  in  the  future  for  the  effi¬ 
cient  production  of  Hg,  _  ,Cd,Te  material.  The  growth  by 
MBE  of  a  uniform  Hg,  _  „Cd,Te  film  on  a  large  substrate  is 
very  difficult  to  achieve  because  of  the  nonuniform  distribu¬ 
tion  of  the  fluxes  and  nonuniform  temperature  of  the  sub¬ 
strate.  The  cosine  distribution  of  the  fluxes  is  usually  en¬ 
countered  in  the  MBE  growth  of  III-V  compounds,  and  its 
consequences  are  ( 1 )  thickness  variation  over  the  wafer.  ( 2 ) 
change  in  composition  for  an  alloy  with  more  than  two  ele¬ 
ments,  and  ( 3 )  change  in  the  doping  level  when  an  electrical¬ 
ly  active  impurity  is  evaporated  at  the  same  time  ( the  doping 
in  III-V  compounds  is  not  controlled  by  stoichiometry  devi¬ 
ation).  In  the  case  ofHg,  Cd ,  Te  a  simple  cosine  distribu¬ 
tion  is  expected  for  the  Cd  and  Te  fluxes,  but  due  to  the  high 
effusion  rate  required  for  Hg  the  expected  Hg  flux  distribu¬ 
tion  has  the  behavior  of  cos2/2  9,  where  8  is  measured  from 
the  axis  of  the  Hg  effusion  cell1.  Therefore,  with  this  more 
forward  directional  Hg  flux  the  nonuniformity  in  thickness 
and  composition  currently  observed  in  the  growth  by  MBE 
of  semiconducting  alloys  should  be  worse  in  the  case  of 
Hg,.  . ,  Cd,  Te.  In  addition  to  that,  since  the  conduction  type 
and  the  carrier  concentration  can  be  controlled  by  stoichi¬ 
ometry  deviation  during  the  growth  of  Hg,  _„Cd,Te  by 


MBE,  these  spatial  flux  variations  will  also  have  an  effect  on 
the  electrical  properties  of  the  layers. 

Above  all  however,  there  is  the  problem  due  to  the  expo¬ 
nential  change  of  the  Hg  condensation  coefficient  with  tem¬ 
perature.  We  have  shown  that  for  a  given  Hg  flux,  a  high- 
quality  monocrystalline  Hg,  _  ,Cd,Te  film  can  be  grown  in 
the  (  111)5  orientation  within  a  narrow  substrate  tempera¬ 
ture  range  ( T^-T^ )  of  about  10-15  *C  when  the  sub¬ 
strate  temperature  ( T,)  is  in  the  180-190  mC  temperature 
range.2  When  T,  is  below  Tmm  the  excess  Hg  desorbs,  but 
twins,  which  are  detrimental  for  electrical  performance,  are 
observed.  When  T,  is  above  two  possibilities  exist.  ( 1 ) 
If  T,  is  below  190  *C  the  excess  Te  leads  to  a  polycrystalline 
material.  (2)  If  T,  is  above  195  *C  the  excess  Te  is  reevapor¬ 
ated  and  the  film  still  grows  monocrystalline,  but  an  increase 
in  the  x  value  of  1.5-2%  for  each  1  *C  increase  in  the  sub¬ 
strate  temperature  is  observed,  along  with  a  large  change  in 
the  growth  rate.2 

It  is  important  to  recall  that  a  change  in  x  of  only 
Ax  =  ±  0.001  is  the  goal  to  reach  for  infrared  detection  de¬ 
vices  operating  at  a  cutoff  wavelength  of  10pm  at  77  K.  It  is 
obvious  that  such  a  requirement  cannot  be  achieved  if  pan  of 
the  substrate  temperature  is  above  TL...  Now  if  the  sub¬ 
strate  temperature  is  between  T _ and  Tmm  ( incidentally 

the  and  values  are  changing  over  the  substrate 
since  the  Hg  flux  distribution  is  not  constant)  the  epilayers 
will  still  experience  a  change  in  the  doping  level  and  even  in 
the  conduction  type. 

To  minimize  these  temperature  variations  the  substrate 
must  be  rotated  during  the  growth,  but  this  also  hinders  the 
precise  temperature  measurement  of  the  substrate  by  a  ther¬ 
mocouple.  In  order  to  have  adequate  control  of  the  tempera¬ 
ture  during  the  growth,  the  use  of  an  infrared  pyrometer, 
which  can  give  reproducible  results,  has  been  employed. 

The  combination  of  flux  distribution  and  substrate  tem¬ 
perature  variation  makes  the  growth  by  MBE  of  large  high- 
quality  uniform  Hg,  _j.Gi.Te  films  a  real  challenge.'  For 
the  first  time  we  report  here  2-in.-diam  Hg,  _ ,  Cd,  Te  films, 
both  p-type  and  n-type,  grown  by  MBE,  which  exhibit  uni- 
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form  x  values  and  high  mobilities. 

The  2-in.-diam  Hg,  _  ,CdxTe  films  were  grown  in  the 
ultrahigh  vacuum  of  a  Riber  2300  MBE  machine  modified  to 
handle  Hg.  In  this  machine  the  substrate  is  situated  to  face 
an  array  of  effusion  cells  containing  CdTe,  Te,  and  Hg.  The 
temperatures  of  these  cells  and  the  substrate  are  precisely 
controlled  to  achieve  proper  growth  conditions.  The  sample 
manipulator  is  designed  to  allow  for  rotation  of  the  sample  in 
the  plane  of  its  surface.  This  feature  was  exploited  for  the 
growth  of  the  2-in.-diam  Hg,_,CdxTe  films  to  achieve 
higher  uniformity. 

The  substrates  used  for  growing  these  2-in.-diam  films 
were  high-quality  prepolished  GaAs  (100)  wafers.  The 
chemical  and  in  situ  cleaning  procedures  used  for  these  were 
the  same  as  those  discussed  elsewhere2  for  the  preparation  of 
GaAs  surfaces.  Prior  to  growing  the  Hg,  _  *CdxTe  films, 
buffer  layers  of  CdTe  were  grown  on  the  GaAs  substrates. 
There  is  a  14.6%  lattice  mismatch  between  GaAs  and 
Hg,  _  ,  Cd,Te.  Therefore,  to  avoid  a  high  dislocation  density 
in  the  Hg,  _  tCdtTe  films,  the  CdTe  buffer  layers  are  grown 
to  a  thickness  of  roughly  2.5  /am.  As  has  been  previously 
reported,5'6  these  CdTe  buffer  layers  may  be  grown  in  either 
the  ( 100)  or  the  (  ITT)  5  crystallographic  orientation. 

Several  2-in.-diam  Hg,  _  tCd,Te  films  of  each  conduc¬ 
tion  type  were  grown  in  both  the  (100)  and  the  (  111)5 
orientations.  In  an  earlier  article7  it  was  shown  that  the  mini¬ 
mum  Hg  flux  required  for  successful  growth  differs  for  these 
two  orientations.  Growth  in  the  ( 100)  orientation  requires  a 
higher  flux  than  that  in  the  (  111)5  orientation.  The  Hg  flux 
in  combination  with  the  substrate  temperature  used  for  the 
growth  of  Hg,  _  tCdxTe  determines  the  crystal  stoichiome¬ 
try  deviation,  and  thus  the  conduction  type.  The  substrate 
temperatures  chosen  for  the  growth  of  the  films  reported 
here  were  190  °C  for  the  /7-type  and  185  ”C  for  the  n-type 
film,  and  the  Hg  flux  used  for  the  n-type  film  was  higher  than 
that  used  for  the  p- type  film.  We  report  here  the  data  from 
one  representative  film  of  each  conduction  type. 

The  /7-type  film  reported  here  was  grown  in  the  (  111)5 
orientation,  while  the  orientation  for  the  reported  n-type 
film  was  (100).  The  films  exhibited  uniform  mirrorlike  sur¬ 
faces.  as  illustrated  by  the  photograph  in  Fig.  1.  In  order  to 
ascertain  the  uniformity  of  each  Hg,  _  „CdtTe  film  over  its 
2-in.-diam  surface  area,  infrared  transmission  and  van  der 


FIG.  I  Two-in.  Hg,  .  ,Cd,Te(ilm.  grown  by  MBE  on  a  CdTe/GaAs  sub¬ 
urate. 
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FIG.  2.  Infrared  transmission  measurements  at  300  K.  for  2-in  -diam 
Hg,  _,Cd,Te  (111)  film  grown  at  190 *C  on  a  CdTe  dill,  GaAs  i  100) 
substrate.  Sample  No.  583453.  a,  =  cutotf  wavelength:  ,x  =  CJ  concentra¬ 
tion:  e  =  thickness  of  Hg,  _  ,Cd,Te  film. 


Pauw  dc  Hall  measurements  wei  •  performed  at  several  posi¬ 
tions.  The  infrared  transmission  spectra  were  measured  at 
room  temperature.  The  cutoff  wavelengths  were  in  the  6-8 
/cm  region.  The  cutoff  wavelength  is  defined  as  that  for 
which  the  absorption  coefficient  is  a  =  -  In  (transmit¬ 
tance) /thickness.  From  the  measured  cutoff  wavelengths 
for  each  position  on  the  2-in.-diam  Hg,  _  tCd,Te  films,  the 
Cd  concentrations  (x)  were  calculated  using  the  relation  of 
Hansen  et  a/.8  Also,  from  the  interference  spacing  in  the 
infrared  transmission  spectra  the  thickness  at  each  position 
on  these  films  was  determined. 

For  the p-type  film  reported  here  the  uniformity  of  the  x: 
value  proved  to  be  excellent,  as  illustrated  in  Fig.  2.  The 
average  value  of  x  (denoted  by  x)  was  0.22.  while  the  stan¬ 
dard  deviation  {Ax  =  [2(.x  —  x)1/n  —  1 1 1  was  0  0015. 
giving  as  a  measure  of  the  composition  uniformity  lx/ 
x  =  0.7%.  This  is  an  excellent  result  since  the  goal  required 
for  infrared  detectors  in  terms  of  composition  uniformity  is 
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FIG.  3.  Infrared  transmission  measurements  at  300  K  tor  3  >n  Jum 
Hg,  .  ,Cd,Te  ( 100)  film  grown  at  185  "C  on  a  CdTe  1 100 '  CisAv  •  .'Wi 
substrate.  Sample  No.  750576.  <t.  »  cutoff  wavelength,  r  =  CJ  ..'ncentra- 
tion;  t>  a  thickness  of  Hg,  .  ,Cd,Te  film. 
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TABLE  I  Hail  measurements  it  3  =  0  2  T  for  2-in  -Jiam  Hz  ,C«i,Te  •  I! !  •  Sim  grown  at  190  'C  an  CdTe  1!'.  GaAs  ;00:  luestrate  ianr  -  N 
?83a5.;  t  =  >.  .■  =  )  is  at  the  center  of  the  sample. 


almost  achieved  on  2-in.-diam  Hg,  _  xCdtTe  films.  For  the 
reported  n-type  film  the  uniformity  of  x  was  almost  as  good 
with  Ix/x  =  1.4%,  as  shown  in  Fig.  3.  For  this  n-type  film 
the  thickness  («?)  was  very  uniform  with  Ae/e  =  0.6%. 

Each  2-in.-diam  Hg,  _  ,CdxTe  film  also  showed  com¬ 
plete  uniformity  over  its  surface  in  the  conduction  type  ex¬ 
hibited.  That  is.  p-type  films  were  entirely  p  type,  and  /i-type 
films  were  entirely  n  type.  The  carrier  concentrations 
(.V,  —  .Vj  or  Xj  —  .Va )  and  the  Hall  mobilities  (piH ),  how¬ 
ever.  showed  some  variation  as  may  be  seen  in  Tables  I  and 
II.  It  should  be  pointed  out  that  both  the  electron  and  the 
hole  mobilities  are  high  for  this  cadmium  concentration  and 
attest  to  the  high  quality  of  the  material  grown  here.  The 
earner  concentrations  are  also  in  a  range  suitable  for  photo¬ 
voltaic  devices. 

For  both  the  p-type  and  n-type  films  reported  here,  non- 
uniformities  in  the  carrier  concentrations  or  the  x  values 
indicate  vanations  in  the  sample  temperature  and  Hg  flux 
over  the  surface  of  the  samples.  Other  hypotheses  which 
have  not  been  considered  here,  such  as  the  role  of  the  crystal¬ 
lographic  onentation.  could  also  contribute  to  the  structural 
and  electncal  parameters  observed.  In  order  to  grow 
Hg,  ,Cd,Teepilayers  on  even  larger  substrates,  more  uni¬ 
form  sample  temperatures  (which  ideally  must  be  constant 
within  1  ’C)  and  a  more  uniform  Hg  flux  are  required. 

In  summary,  it  has  been  demonstrated  here  that  high- 
quality  Hg,  _  ,Cd,Te  films  of  2-in.  diameter  can  be  grown 
by  MBE.  High  Hall  mobilities,  low  carrier  concentrations, 
uniform  thicknesses,  and  very  uniform  Cd  concentrations 
have  been  achieved  already  in  these  films  which  make  them 
suitable  for  infrared  device  applications.  These  uniformities 
are  much  better  than  those  currently  achieved  using  the  or- 
ganometallic  vapor  phase  epitaxy  (OMVPE)  growth  meth¬ 
od  (  Ajc  =  ±  0.004  for  a  l -in.  square  CdTe  substrate9  and 


Ajc  =  ±0.005  for  a  1x2  cm*  CdTeSe  substrate10).  This 
achievement  represents  a  major  step  toward  the  future  of 
infrared  detector  technology  which  demands  ever  greater 
uniformity  over  ever  larger  surface  areas.  We  have  demon¬ 
strated  here  that  MBE  is  a  prominent  growth  technique 
which  can  fulfill  this  requirement.  Further  improvements  in 
the  temperature  uniformity  of  the  sample,  along  with  in¬ 
creased  uniformity  of  the  Hg  flux  on  the  sample,  are  expect¬ 
ed  to  produce  Hg,  _  rCdrTe  films  of  even  better  uniformity 
on  larger  surface  areas. 
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Ill  DOPING 


111-1  DOPING  BY  STOICHIOMETRY  DEVIATION 

It  is  well  established  that  Hg^CdxTe  should  be  written  (Hgi.xCdJyTe^y  to 
take  into  account  the  stoichiometry  deviation.  The  maximum  concentration  of 
electrically  active  centers  due  to  stoichiometry  deviation  Sy  is  about  10-5.  This 
means  that  doping  level  up  to  1017cm-3  can  be  reached  by  acting  on  the  stoichiometry. 
A  metal-rich  material  (or  Te-deficient)  will  exhibit  a  n-type  conduction  whereas  a 
metal-deficient  (or  Te-rich)  will  show  a  p-type  conduction,  if  there  is  no  other 
electrically  active  impurity  or  defect. 

In  early  MBE  experiments  it  has  been  shown  that  the  conduction  type  of  (1 1 1)B 
HgCdTe  layer  could  be  controlled,  within  a  certain  limit  and  for  a  narrow  range 
in  composition  (0.20-0.25),  during  the  growth  process  itself.  N-type  to  p-type 
conversion  was  achieved  either  by  lowering  the  Hg  flux  or  by  raising  the  substrate 
temperature.  The  observation  was  consistent  with  the  Hg  vacancy  model.  However, 
the  work  carried  out  in  the  MPLab  these  last  years  has  shown  that  into  account 
the  influence  of  the  crystallographic  orientation,  the  evidence  of  an  electrical  activity 
associated  with  the  twins  and  the  presence  of  antisite  Te  atoms,  the  doping 
problem  is  much  more  complex  than  that. 

One  of  the  major  discoveries  of  the  laboratory  is  related  to  the  role  of  the 
crystallographic  orientation  during  the  growth  by  MBE.  In  a  first  step  we  have 
observed  that  the  sticking  coefficient  for  Hg,  cd  and  Te  changes  with  the  crystal¬ 
lographic  orientation,  in  the  case  of  mercury  the  effect  is  quite  dramatic  since  a 
(1 1 1  )A  face  requires  almost  10  times  more  mercury  than  a  (lli)B  face  at  190°C. 
These  results  have  been  confirmed  since  then  and  the  summary  Is  presented  In  the 
following  table: 


Substrate  orientation 

(211)B 

(111  )B 

(100) 

(1 1 1 )  A 

Hg  flux  (arbitrary 

units) 

1 

1.25 

5.5 

11.25 

TABLE:  Minimum  amount  of  Hg  (In  arbitrary  units)  needed  to 
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maintain  the  monocrystalline  growth  of  HgCdTe 

These  results  are  of  fundamental  importance  since  a  classical  thermodynamic 
approach  using  the  mass  action  law  and  neglecting  surface  kinetics  cannot  describe 
the  MBE  growth  of  HgCdTe.  In  addition,  it  is  obvious  that  such  a  difference  in 
the  sticking  coefficient  has  an  incidence  on  the  Hg  vacancy  formation  i.e.  on  the 
intrinsic  and  extrinsic  doping  of  HgCdTe  and  very  likely  also  on  CdTe  and  other 
wide  gap  materials,  since  Cd  and  Te  sticking  coefficients  are  also  orientation 
dependent.  We  found  that  (111)8  HgCdTe  layers  are  usually  p-type  whereas  (100) 
films  are  n-type.  It  is  the  opposite  of  what  is  expected  since  Hg  vacancies 
should  be  more  easily  formed  in  the  (100)  orientation  than  in  (1li)B  because  the 
sticking  coefficient  for  mercury  is  lower.  To  explain  this,  the  hypothesis  of  Te 
antisite  formation  in  (100)  orientation  has  been  proposed.  In  this  hypothesis  Te 
is  acting  as  a  donor  which  could  explain  the  n-type  character  of  the  material. 0) 
SIMS  measurements  cannot  explain  the  donor  character  in  HgCdTe  MBE  grown  layer. 

In  addition  with  the  elimination  of  the  twins  in  the  (111)B  orientation  a  residual 
n-type  character  does  now  appear,  such  as  In  the  (100)  orientation.  In  (211)B  n- 
type  layers  are  often  grown  but  it  seems  that  p-type  layers  with  a  high  residual 
n-type  character  can  be  grown  at  high  temperature  i.e.  when  Hg  vacancies  can 
dominate  the  transport  properties. 

Isothermal  annealings  have  been  performed  on  many  layers  (111)B  layers  and  on 
some  (100)  and  (211)B  layers.  The  residual  n-type  doping  in  (lll)B  has  been 
found  to  be  in  the  5x1 01 5  -  2x1016cm-3  range  which  does  confirm  the  Hall  data 
analysis  (see  enclosed  papers)  The  results  obtained  in  (100)  are  unclear,  more 

work  is  needed. 

In  the  (211)B  direction  the  residual  n-type  doping  has  been  found  ranging  from 
2xi015  -  ixl016cm-3  range.  Unfortunately  these  films  have  different  compositions 
and  different  growth  parameters  have  been  used  therefore  it  has  not  been  possible 
to  determine  yet,  a  clear  relationship  between  Hg  flux  and  residual  doping. 

The  MPLab  has  devoted  a  great  deal  of  time  to  understand  and  to  control  the 
intrinsic  doping.  Even  though  all  the  complex  relationships  between  growth 
parameters  and  intrinsic  doping  are  not  fully  understood  appreciable  progress  has 
been  made.  It  Is  now  very  likely  that  the  residual  donor  doping  level  In  MBE 
layers  is  due  to  the  tellurium  in  antlslte.  This  very  important  Information  has 
been  proposed  for  the  first  time  by  the  MPLab. 
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The  electrical  properties  of  the  mercury  cadmium  teliuride  semiconductor  material  grown  by  the 
molecular-beam  epitaxy  are  reviewed.  The  doping  effects  linked  to  the  growth  conditions,  as  well 
as  the  influence  of  indium  or  lithium  incorporation  are  discussed.  The  results  on  doping  by  silicon, 
arsenic,  and  antimony  are  presented.  It  will  be  shown  that  all  the  impurities  studied  interact 
primarily  with  the  metal  site.  It  will  confirm  that  the  growth  occurs  under  very  rich  tellurium 
conditions. 


I.  INTRODUCTION 

The  growth  of  mercury  cadmium  teliuride  (MCT)  by  the 
molecular-beam  epitaxy  (MBE)  technique  has  become  the 
subject  of  an  important  research  effort  recently.  This  flexible 
technique  can  be  monitored  during  the  growth  by  high-ener¬ 
gy  electron  diffraction  ( HEED).  The  substrate  temperature 
is  low  ( 190  *C),  and  control  along  the  growth  axis  can  be  in 
the  order  of  atomic  scale  distances.  The  epitaxy  of  this  im¬ 
portant  infrared  material  on  cadmium  teliuride  by  MBE  was 
first  reported  in  1981.'  Since  then  very  important  improve¬ 
ments  in  the  growth  control  and  understanding  have  been 
made.2  The  as-grown  majority  carrier  and  crystallographic 
properties  of  the  best  MBE  materials  are  comparable  to  the 
ones  made  by  the  other  techniques  using  postannealing  pro¬ 
cedures.  MCT  epitaxial  layers  highly  uniform  in  carrier  con¬ 
centration  and  cadmium  composition  were  recently  ob¬ 
tained  on  2-in.  GaAs  substrates.1 

The  control  and  understanding  of  the  doping  properties  of 
this  new  material  as  grown  is  obviously  of  primordial  impor¬ 
tance  for  in  situ  junction  formation  which  has  already  been 
demonstrated.4  To  our  knowledge,  no  direct  studies  of  deep 
levels  or  minority  carriers  have  been  reported  yet.  We  will 
review  the  few  doping  studies  made  by  majority  carrier  mea¬ 
surements  and  present  the  latest  results  on  the  work  made  in 
our  laboratory. 

II.  DOPING  BY  STOICHIOMETRY  DEVIATION 
DURING  GROWTH 

Residual  intrinsic  doping  by  stoichiometry  deviation  is 
unavoidable  in  II- VI  materials.  It  should  be  controlled  dur¬ 
ing  growth  before  any  attempt  of  low-level  in  situ  extrinsic 
doping  is  made.  This  technological  challenge  has  to  be  faced 
even  if  stoichiometric  doping  alone  is  not  in  general  recom¬ 
mended  for  device  application  due  to  stability  consider¬ 
ations.  It  also  frequently  generates  deep  recombination 
centers.  A  few  degrees  change  in  substrate  or  mercury  cell 
temperature  can  switch  the  electrical  type  of  the  material 
being  grown.  If  the  drift  is  sufficiently  large,  the  annealing 
properties  of  the  layer  will  be  unpredictable. 

The  best  compromise  between  the  growth  requirements  of 
HgTe  and  CdTe  sets  the  substrate  temperature  (Tt) 
between  183  and  193  *C.2  For  fixed  growth  rates  and  cad¬ 
mium  compositions,  high-quality  epitaxy  can  only  be 
achieved  within  narrow  ranges  of  Hg  pressures  and  substrate 


temperatures.  Within  these  limits,  when  the  Hg  flux  is  de¬ 
creased,  or  T,  is  increased,  the  layers  tend  to  become  p  type. 
These  effects  are  consistent  with  a  low  Hg  sticking  coeffi¬ 
cient  highly  dependent  on  temperature  and  the  known  elec¬ 
trical  properties  of  Hg  vacancies  in  MCT.  Further  decrease 
in  Hg  flux  or  increase  in  Tt  will  create  rings  on  the  HEED 
screen.  This  is  attributed  to  tellurium  precipitation.  For  the 
(111)  orientation,  an  excessive  increase  of  the  Hg  pressure 
or  decrease  of  T,  will  induce  twin  dots  along  the  diffraction 
lines  of  the  HEED.  This  was  shown  to  degrade  the  electric 
properties  of  the  film.1  These  defects  may  be  related  to  anti¬ 
phase  domains  occurring  along  the  growth  direction  and 
very  often  lead  to  n-type  conduction.  Such  material  behaves 
abnormally  after  postgrowth  isothermal  annealing.6  How¬ 
ever,  we  should  point  out  that,  because  of  Hg  overpressure, 
the  same  electrical  type  is  obtained  before  the  defects  are 
visible.  It  has  also  been  shown  that  the  minimum  necessary 
Hg  flux  to  maintain  monocrystalline  growth  was  an  order  of 
magnitude  higher  for  the  ( 1 1 1  )A  face  than  for  the  ( 1 1 1 )  B 
face.7  The  ( 100)  orientation  was  found  to  be  an  intermediate 
case.  As  we  will  see  later,  the  electrical  properties  of  the 
layers  made  with  the  ( 100)  and  (111  )J?  orientations  are  also 
very  different.  This  proves  that  the  intrinsic  properties  of  the 
material  are  directly  linked  to  the  growth  mechanisms. 

The  growth  along  the  ( 100)  orientation  leads  to  rc-type 
material  when  the  Cd  composition  is  <  0.33.  p- type  material 
was  only  reported  for  substrate  temperatures  exceeding 
200  *C.1‘  The  range  of  suitable  Hg  fluxes  is  wider  than  for 
the  (111)  orientation  since  no  twinning  is  observed.  The 
growth  along  this  direction  can  produce  high-quality  n-  or  p- 
type  material.  The  Hall  data  on  n-type  layers  show  a  fully 
ionized  behavior  with  quasilocal  resonant  states  merged  in¬ 
side  the  conduction  band.  The  intrinsic  region  of  the  curves 
matches  perfectly  the  expected  variation  of  the  intrinsic  car¬ 
rier  concentration  versus  temperature.*  The  doping  level 
does  not  exceed  the  low-101*  range.  We  should  also  mention 
that  faceting  during  growth  in  the  ( 100)  direction  resulting 
in  pyramidal  voids  has  been  reported  recently.*  We  did  ob¬ 
serve  the  same  effect  in  some  cases.  Whether  these  defects 
are  a  serious  limitation  for  this  orientation,  or  are  predomi¬ 
nantly  linked  to  the  growth  control,  is  still  opened  to  debate. 

Even  though  more  difficult  to  achieve  than  on  ( 100).  the 
growth  along  the  ( 1 1 1  )B  face  (Te  face)  has  been  studied 
most.  This  is  mainly  due  to  the  lower  Hg  pressure  require¬ 
ments,  which  were  a  serious  concern  in  the  early  MCT  MBE 
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systems.  This  orientation  will  probably  remain  the  most  im¬ 
portant  one  for  future  industrial  applications  since  the  price 
of  highpunty  mercury  will  have  to  be  included  in  the  oper¬ 
ating  cost.  In  addition  to  the  effects  of  T,  and  the  Hg  flux 
previously  mentioned,  an  increase  in  cadmium  composition 
tends  to  produce  p-type  material. 10  Good  layers  can  only  be 
grown  p  type  for  Cd  compositions  x  more  than  0.3,  and  n 
type  for  x  <  0.2. 2  The  doping  level  for  p-type  material  can 
reach  the  mid-10'7  cm*3  range.  Analysis  of  the  Hall  data 
with  a  model  including  nonparabolicity  effects  and  assum¬ 
ing  a  single  doping  level  showed  good  agreement  between  the 
carrier  concentrations  calculated  and  measured  in  the  in¬ 
trinsic  and  transition  regions,  for  a  Cd  composition  very 
close  to  the  one  measured.  The  donor  compensation  was 
estimated  to  be  in  the  low- 1017  cm  ~ 3  range  for  these  particu¬ 
lar  samples.  The  shallow  doping  level  was  separated  from 
the  valence-band  edge  by  not  more  than  8  meV  for 
x  <  =  0.38.  The  level  merges  into  the  valence  band  to  form 
resonant  states  for  Na-Nd  >  1017  cm-1.  More  recently  the 
best  Hall  mobilities  reached  consistently  1 100cm2/V  s  with¬ 
out  two-dimensional  effects  due  to  HgTe  interfaces. 1 '  Excess 
carrier  lifetimes  measured  on  several  samples  with  x>0.3 
reached  800  ns.  Nearly  Auger  limited  operation  down  to 
liquid-nitrogen  temperature  was  also  seen  in  some  of  these 
samples.12  High-performance  photovoltaic  detectors  made 
without  annealing  by  ion  implantation  have  recently  been 
demonstrated  on  such  materials.11 

High-mobility  /i-type  layers  can  also  be  achieved  by  in¬ 
trinsic  doping,  but  the  concentration  never  exceeds  the  low- 
1014  range.  When  x  is  <  0.2,  the  carrier  concentration  can  be 
higher  than  the  intrinsic  value  expected  at  room  tempera¬ 
ture,  and  can  decrease  more  slowly  with  temperature.  Such  a 
behavior  cannot  be  fitted  by  a  two-band  model  with  a  single 
impurity  level,  and  might  be  related  to  impurity  bands  oc¬ 
curring  inside  the  band  gap.  If  the  /i-type  character  would  be 
linked  to  a  native  point  defect,  its  doping  concentration 
should  not  be  limited  to  the  low-1014  range.  Further  investi¬ 
gation  is  needed  in  this  case. 

The  different  Hg  pressure  requirements  for  the  (111  )B 
and  (HIM  faces  were  previously  interpreted  as  a  screening 
effect  of  the  Te  surface  front  limiting  the  mercury  (and  cad¬ 
mium  )  reevaporation  during  the  growth  along  the  (111 
orientation.7  We  think  that  Te  is  also  responsible  for  the  very 
different  doping  properties  between  ( 100)  and  (111)2?  ma¬ 
terials.  The  p-type  character  for  the  (111)  orientation  is 
probably  mainly  controlled  by  excess  Te  dissolved  in  the 
layers,  either  interstitial  or  at  the  antiphase  boundaries  when 
they  are  detected  on  the  low  Hg  flux  side.  We  suggest  that 
the  n-type  character  for  the  ( 100)  orientation  is  due  to  sub¬ 
stitutional  Te  on  the  metal  site.14  This  is  consistent  with  the 
fact  that  a  substrate  temperature  in  excess  of 200  'C  is  neces¬ 
sary  to  produce  ( 100)  p-type  material  since  Te  reevapora¬ 
tion  then  becomes  substantial. 

III.  INDIUM  OOPING 

Indium  was  found  to  behave  as  an  n-type  dopant  when 
evaporated  during  growth  on  (Ul)CdTe//(100)GaAs 


combination  substrates.15  The  doping  level  was  increasing 
with  the  In  effusion  cell  temperature.  The  maximum  level 
obtained  reached  2  x  10“  cm  ~  \  which  is  two  orders  of  mag¬ 
nitude  more  than  what  stoichiometry  deviation  can  achieve 
on  the  same  orientation.  Secondary  ion  mass  spectrometry 
(SIMS),  calibrated  with  implanted  reference  samples,  was 
used  to  evaluate  the  impurity  atomic  concentration.  The  ap¬ 
parent  doping  efficiency  (defined  as  the  ratio  of  the  earner 
concentration  measured  at  low  temperatures  by  the  Hall 
technique  divided  by  the  In  atomic  concentration  measured 
by  SIMS),  reached  70%  for  a  doping  level  close  to  1  x  10“ 
cm-3.  This  quantity  obviously  includes  the  intrinsic  com¬ 
pensating  acceptors.  More  recently  we  did  measure  apparent 
doping  efficiencies  close  to  100%  for  doping  level  in  the 
high-1017  cm-3  range.  The  set  of  samples  used  for  this  study 
had  Cd  compositions  varying  from  0.2  to  0.31  and  were 
grown  to  produce  native  p-type  material  if  In  had  not  been 
introduced.  Uncertainties  apparent  in  the  experimental  rela¬ 
tion  between  the  doping  efficiency  and  the  doping  level  were 
then  anticipated.  Absolute  concentration  measurements  are 
also  known  to  be  difficult  to  achieve  by  the  SIMS  technique. 
Nevertheless,  a  clear  trend  was  detected,  with  a  maximum 
around  10“  cm-3  and  a  sharp  falioff  below  this  value.  We 
concluded  that  the  In  incorporation  mechanism  was  not  a 
steep  function  of  the  Cd  composition  in  this  narrow-band- 
gap  range.  The  experimental  observation  could  be  success¬ 
fully  modeled  assuming  that  a  fraction  of  the  In  atoms  was 
singly  ionized,  while  the  rest  was  precipitating  in  the  crystal 
to  form  In2Te,.  A  fixed  3  X  10‘7  cm-3  acceptor  compensa¬ 
tion  was  also  assumed  for  this  set  of  samples.  These  results 
are  in  agreement  with  a  previous  study  of  In  doping  by  diffu¬ 
sion  in  bulk  material.14  The  electrical  efficiency  reported 
here  is  higher  probably  because  of  the  lower  MBE  growth 
temperature  minimizing  the  In2Te,  precipitation.  The  pres¬ 
ence  of  this  constituent  in  the  crystal  should  actually  not  be 
considered  as  a  defect  since  In:Te,  has  been  shown  to  form  a 
solid  solution  with  HgTe  preserving  its  sphalerite  structure 
for  a  composition  range  of  0  to  0.2. 17  The  fact  that  the  com¬ 
pensation  could  be  assumed  constant  means  that  the  interac¬ 
tion  between  In  and  the  Hg  vacancies  could  be  neglected. 

The  SIMS  profiling  of  the  doped  layers  showed  In  transi¬ 
tions  at  the  buffer  interface  as  sharp  as  the  Cd  ami  Hg  on 
layers  as  thick  as  3  pm,  equivalent  to  3-h  growth  tune.  We 
conclude  that  the  In  diffusion  was  less  than  the  reaoiuooo  of 
the  instrument,  i.e.,  2000  A.  The  electron  mobdioea  ob¬ 
tained  looked  promising  in  view  of  the  Cd  compositions  and 
doping  levels  involved.  Unlike  stoichiometry  deviation  dop¬ 
ing,  a  high  Cd  composition  layer  with  x  =■  0.33  could  be 
doped  in  the  10“  cm-1  range. 

We  discovered  that  when  several  In  doped  layers  are 
grown,  the  subsequent  unintentionally  doped  MBE  materi¬ 
als  produced  are  n  type.  SIMS  measurements  showed  that  In 
was  still  present  in  the  crystals.  This  is  obviously  a  very  ven¬ 
ous  limitation  for  device  application,  but  since  it  seems  to  be 
a  technological  growth  related  problem,  rather  than  a  funda¬ 
mental  physical  one,  this  effect  should  be  investigated 
further.  We  think  that  the  unique  properties  of  In  doping 
during  MBE  growth  will  deserve  such  an  additional  effort. 
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IV.  LITHIUM  OOPING 

Li  is  a  column  I  element  and  was  considered  first  as  a 
prospective  p- type  dopant  for  the  ( 100 )  orientation,  since 
this  electrical  type  is  difficult  to  achieve  by  stoichiometry 
control.  Hole  conduction  was  indeed  observed. "  The  doping 
level  increased  monotonically  with  the  Li  effusion  cell  tem¬ 
perature  and  could  reach  as  much  as  8x  10"  cm-3.  Since  a 
calibrated  sample  implanted  with  Li  was  not  available,  the 
amount  of  Li  incorporated  in  the  layers  was  estimated  from 
the  effusion  cell  temperature  and  the  growth  rate,  assuming 
a  sticking  coefficient  equal  to  unity.  Since  very  good  agree¬ 
ment  was  obtained  with  the  doping  levels  measured  by  Hall 
above  5  X  10"  cm  ~  \  we  can  conclude  that  nearly  all  the  Li  is 
incorporated  and  is  electrically  active.  The  impurity  is  singly 
ionized  and  no  evidence  of  precipitation  is  detected.  The  evi¬ 
dence  of  a  compensating  donor  becomes  clear  for  Li  concen¬ 
trations  in  the  low-1017  cm'1  range.  Hole  freezeout  from  a 
shallow  acceptor  level  was  only  seen  once  for  a  doping  level 
of  10"  cm-3.  For  doping  levels  above  4x  10"  cm-3,  the 
acceptors  are  completely  ionized  ( flat  curve  after  the  transi¬ 
tion  region ) .  Above  2  x  10"  cm  “  \  the  carrier  concentration 
begins  again  to  decrease  slightly  with  temperature  along  a 
curved  shape,  showing  the  onset  of  a  degenerate  quasimetal- 
lie  behavior.  The  hole  mobilities  measured  are  all  in  the  300- 
400  cmVV  s  range  at  low  temperatures.  Simple  impurity 
scattering  calculations  similar  to  the  ones  used  by  Ref.  19 
were  made.  They  agree  reasonably  well  with  the  measured 
values  for  the  high  doping  levels  in  the  10n  cm-3  range  or 
higher  when,  the  lattice  mobility  ( mobility  without  lithium ) 
is  assumed  to  be  500  cm2/V  s,  and  the  Li  is  singly  ionized. 

The  same  element  has  also  been  incorporated  successfully 
as  a  p-type  dopant  during  the  growth  along  the  ( 1 1 1  )4  face, 
even  for  cadmium  compositions  <  0. 16  where  intrinsic  dop¬ 
ing  alone  would  produce  n-type  material.  Thus  Li  appears  to 
be  a  very  efficient  p- type  dopant  probably  substituting  with 
the  metal  site  in  the  crystal.  Unfortunately,  we  discovered  by 
SIMS  profiling  that  it  diffuses  uniformly  in  unintentionally 
doped  layers  grown  under  or  above  Li  doped  regions.  Iso¬ 
thermal  annealings  also  demonstrated  that  Li  can  diffuse  out 
of  the  crystals  since  they  became  n  type.  We  also  noticed  that 
when  the  layers  with  low  Li  doping  levels  are  stored  at  room 
temperature,  their  electrical  properties  can  evolve  slowly 
with  time.  Because  of  its  small  atomic  mass  and  radius,  the 
Li  atom  is  highly  mobile  in  the  MCT  material 

V.  OOPING  WITH  OTHER  ELEMENTS 

The  doping  properties  of  silicon  during  the  ( lll)ff 
growth  were  also  investigated.  It  was  found  to  produce  n- 
type  material.  The  highest  level  obtained  reached  1.7  x  10" 
cm  ~ 3  for  an  effhsion  cell  temperature  of  1000  *C.  We  did  not 
observe  a  systematic  memory  effect  like  in  the  indium  case, 
but  the  reproducibility  of  the  doping  levels  was  more  diffi¬ 
cult  to  achieve.  This  might  be  due  to  the  lower  levels  investi¬ 
gated  or  to  a  more  intimate  interaction  between  Si  and  the 
native  growth  conditions  due  to  its  potential  amphoterous 
character  demonstrated  in  the  III-V  materials.  We  should 
mention  that  Si  was  reported  to  dope  the  MCT  material  n 


type  before.20  A  fully  ionized  behavior  with  a  earner  concen¬ 
tration  independent  of  temperature  was  seen,  even  in  the 
10"  cm-3  range.  But  an  important  ion  scattering  linked  to 
acceptor  compensation  was  obvious  in  this  case.  The  SIMS 
profilings  resolved  <  1000  A  doping  transitions  on  layers  3 
fim  thick.  This  element  was  successfully  used  to  produce  the 
first  in  situ  homojunction.4  It  was  suspected  in  this  study 
that  the  doping  close  to  the  junction  interface  was  not  uni¬ 
form. 

The  column  V  elements  arsenic  and  antimony  act  as  n- 
type  dopants  in  MCT  when  they  are  incorporated  during  the 
MBE  process.  The  doping  concentration  remains  in  the  low- 
10"  cm  ~ 3  range  or  lower.  The  effect  is  obvious  for  Cd  com¬ 
positions  >  0.3,  since  the  native  material  would  be  p  type.  It 
is  also  true  for  low-*  material,  since  the  carrier  concentra¬ 
tion  remains  independent  of  temperature  in  the  extrinsic  re¬ 
gion  of  the  Hall  curves.  After  isothermal  annealing  at  tem¬ 
peratures  between  200  and  250  *C  the  samples  remained  n 
type  showing  that  the  doping  mechanism  during  growth  was 
stable.  This  experiment  was  undertaken  since  As  has  been 
shown  to  be  a  p- type  dopant  by  diffusion.20  We  conclude  that 
these  impurities  interact  preferentially  with  the  metal  site. 
We  also  think  that  they  are  self-compensated,  since  the  dop¬ 
ing  concentrations  remain  low,  and  the  Hall  measurements 
show  evidence  of  a  strong  impurity  scattering  limiting  the 
mobility  at  low  temperature.  Arsenic  was  previously  found 
to  be  amphoteric  when  incorporated  during  liquid  phase  epi¬ 
taxial  growth  of  MCT  from  Tench  solutions.21  Illumination 
of  the  substrate  during  MBE  MCT  growth  by  ultraviolet 
light  or  a  green  Nd:Yag  laser  pulsed  at  10-kHz  repetition 
rate  did  not  increase  substantially  the  carrier  concentration 
and  left  the  material  n  type.  The  details  of  this  study  will  be 
published  elsewhere. 

VI.  DISCUSSION  AND  CONCLUSION 

We  showed  that  all  the  extrinsic  impurities  studied  inter¬ 
act  primarily  with  the  metal  site.  Indium,  a  column  III  ele¬ 
ment,  mostly  substitutes  to  dope  n  type.  The  rest  of  it  bonds 
isoelectrically  with  Te.  Lithium,  a  column  I  element  substi¬ 
tutes  the  same  atoms  to  dope  the  material  p  type.  Silver  is 
also  found  to  dope  the  material  p  type.22  The  other  elements 
investigated  from  columns  IV  (Si)  and  V  (As.  Sb)  have  a 
more  complex  amphoteric  or  self-compensating  behavior, 
but  still  dope  the  material  n  type.  We  see  a  clear  degradation 
of  the  doping  quality  when  going  from  group  111  to  group  V 

For  the  (111)4  face  the  growth  could  be  schematically 
represented  by  a  Te  saturated  surface  front  evolving  under  a 
very  high  local  pressure  of  Hg.  This  medium  is  acting  as  a 
screen  between  the  vacuum  and  the  underlying  growing 
crystal.  The  presence  of  impinging  Cd  atoms  condensating 
on  the  surface  might  decrease  the  probability  of  incorpora¬ 
tion  of  the  weakly  attracted  heavy  Hg  atoms.  Some  excess  Te 
atoms  will  be  incorporated.  No  chalcogenide  site  could  be 
available  for  impurity  substitution  since  they  are  all  satu¬ 
rated  by  Te,  and  it  would  disrupt  the  growth  itself  in  the 
(111)4  orientation.  In  the  ( 100)  case,  some  Te  atoms  will 
substitute  on  the  metal  site  to  create  n-type  material. 


a  u«i  m  aa^.  m  LJia, 
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Electrical  properties  of  intrinsic p-type  shallow  levels  in  HgCdTe  grown 
by  molecular-beam  epitaxy  in  the  (1 1 1)5  orientation 
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The  electrical  properties  of  the  unintentionally  doped  p-type  HgCdTe  material  as  grown  in  the 
(111)5  orientation  by  molecular-beam  epitaxy  are  revised.  The  analysis  of  the  Hall  coefficient  in 
the  whole  temperature  range  with  a  model  based  on  the  two-band  nonparabolic  Kane  model,  a 
fully  ionized  compensating  donor  concentration,  and  two  independent  discrete  acceptor  levels  is 
presented.  The  donor  compensation  is  found  to  be  much  lower  than  before,  in  agreement  with  the 
latest  study  of  extrinsic  doping  by  indium.  A  defect  level  with  an  energy  of  30  to  50  meV  is  found 
necessary  to  explain  properly  some  of  the  crystals’  data.  The  results  of  a  three-carrier  band 
modeling  of  the  Hall  constant  versus  field  are  also  presented  for  one  sample  and  are  in  very  good 
agreement  with  the  expected  band  structure  of  the  material.  These  results  show  that  important 
improvements  have  been  made  recently  in  the  control  of  stoichiometry  during  growth. 


I.  INTRODUCTION 

Mercury  cadmium  telluride  (MCT)  material  as  grown  is 
not  suitable  for  infrared  applications  when  grown  by  con¬ 
ventional  techniques.  Like  for  other  II-VI  materials,  the  re¬ 
sidual  doping  by  native  defects  (intrinsic  doping)  is  un¬ 
avoidable  due  to  the  large  stoichiometry  deviation  range 
(delta  y<10-5).  The  necessary  electronic  properties  are 
usually  achieved  through  postgrowth  annealing  procedures. 
However,  high-quality  as-grown  MCT  has  been  achieved  by 
the  molecular-beam  epitaxy  (MBE)  technique.1  A  direct 
study  of  the  doping  mechanisms  in  the  as-grown  material 
can  then  be  performed  and  correlated  with  the  growth  con¬ 
ditions.  Previous  studies  showed  that  the  (111)5  MBE- 
MCT  material  is  in  general  p- type  in  the  usual  growth  tem¬ 
perature  range  (180-200*0  except  for  low  cadmium 
compositions  (x)  and  high  mercury  conditions.2  By  investi¬ 
gating  the  effects  of  several  extrinsic  dopants  it  was  conclud¬ 
ed  that  the  growth  occurred  under  tellurium  rich  conditions 
in  this  temperature  range.1  We  will  present  our  latest  results 
and  compare  them  with  the  previously  published  studies  for 
MCT  material  grown  by  MBE  as  well  as  by  other  growth 
techniques  using  annealing.  We  will  mainly  concentrate  on 
the  analysis  of  ( 1 1 1  )5  unintentionally  doped p-type  materi¬ 
al  for  Cd  compositions  between  0.2  and  0.3,  as  grown,  and 
measured  by  the  Hall  technique. 

II.  EXPERIMENTAL 

The  technique  used  to  grow  the  samples  has  been  pre¬ 
viously  described. 1  The  sample  temperature  was  precisely 
controlled  within  the  range  190-200  *C  for  thep-type  layers./ 
Most  of  them  were  grown  on  CdTe  substrates  with 
2000-A  CdTe  buffer  layers.  Some  of  the  samples  were 
grown  CdTe(lll)5/GaAs(100),  CdZnTe(ill),  or 
CdSnTe(  111)  substrates.  In  the  following  course  of  this  pa¬ 
per,  we  will  point  out  the  nature  of  the  substrate  if  it  is  differ¬ 
ent  from  CdTe(lll)B.  The  classical  Hall  measurement 
technique  systematically  performed  on  all  the  crystals  has 
also  been  previously  described2  and  uses  the  Van  der  Pauw 
geometry  except  for  the  field-dependent  measurements 


where  the  Hall  bar  design  was  selected.  The  magnetic  field 
was  varied  from  0.2  to  1  T  for  the  temperature-dependent 
measurements,  the  lowest  field  being  used  for  the  data  to  be 
fitted  theoretically.  The  field-dependent  measurements  cov¬ 
ered  the  range  0.01-1  T.  The  temperature  was  varied  from 
300  K  down  to  20  K.  The  few  unusual  samples  detected  with 
doping  inhomogeneities  or  surface  inversion  will  not  be  con¬ 
sidered. 

III.  RESULTS 

The  model  previously  used  to  analyze  the  p- type  MCT 
Hall  data  included  the  two-band  nonparabolic  Kane  model, 
a  single  acceptor  level,  a  fully  ionized  compensating  donor 
concentration,  and  a  semiempirical  approximation  of  the 
carrier  mobility  ratio  at  high  temperature.2  A  heavy-hole 
effective  mass  equal  to  0.64  and  a  well-known  empirical  ap¬ 
proximation  of  the  band  gap  versus  cadmium  composition 
and  temperature4  are  also  used  in  the  calculation.  It  is  well 
known  that  such  a  fitting  technique  is  difficult  to  achieve.  It 
can  only  have  physical  significance  if  the  quality  of  the  fit  is 
nearly  perfect,  if  the  uncertainty  associated  with  the  data 
points  is  very  small,  and  if  the  temperature  range  is  wide 
enough.  The  influence  of  the  compensation  density  alone, 
for  example,  with  every  other  parameter  being  kept  opti¬ 
mized,  is  to  barely  change  the  curvature  of  the  freeze-out 
region.  It  also  affects  the  shape  of  the  curve  just  after  the 
transition  region,  especially  at  high  x,  and  the  precision  of 
the  doping  level  determination.  Nevertheless  with  the  pre¬ 
vious  model  the  study  of  the  samples  grown  on  CdTe(  111)/ 
GaAs(  100)  showed  that  while  the  doping  level  was  in  the 
tO16  cm'1  range,  a  high  compensating  donor  concentration 
was  necessary  to  achieve  a  very  good  fitting  of  the  expen- 
mental  data. 

Since  then  several  hundred  layers  have  been  grown  in  our 
laboratory.  Doping  levels  in  the  10IS  cm-1  range  have  been 
achieved.  A  careful  analysis  with  the  same  model  including 
only  one  acceptor  level  distinguished  two  groups  of  samples. 
The  first  group  could  be  fitted  with  compensation  levels  in 
the  tow  10,4cm-1  range  (Fig.  1).  We  should  emphasize  this 
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Fie.  I.  Experimental(O)  and  theoretical  ( — )  curves  of  the  carrier  concen¬ 
tration  vs  reciprocal  temperature  deduced  from  the  inverse  of  the  Hall  con¬ 
stant  for  sample  571.  Parameters  used  in  the  calculation:  fully  ionized  donor 
concentration  (Sd)  =  1.3 x  10'*  cm-1,  shallow  acceptor  concentration 
(.Vo)  =  3.8x  10“  cm1,  acceptor  energy  level  (Ea)  -  4.3  meV,  and  cad¬ 
mium  composition  C  jc>  =0. 199. 


fact  because  it  is  probably  related  to  important  improve¬ 
ments  in  the  growth  conditions  since  the  previous  study.  The 
second  group  either  could  not  be  fitted  with  any  certainty,  or 
required  high  compensation  levels  as  before.  We  could  no¬ 
tice  that  in  this  case  the  doping  level  was  in  general  lower 
than  2X  10“  cm-3.  A  small  persistent  disagreement  also 
remained  between  the  calculated  curve  and  the  data  points 
just  after  the  transition  region,  when  the  Fermi  level  is  still 
relatively  deep  in  the  band  gap.  We  thus  added  a  second 
independent  acceptor  level  in  the  model.  An  example  of  such 
a  calculation  is  shown  in  Fig.  2.  The  values  of  the  extracted 
parameters  for  several  crystals  are  presented  in  Table  I.  The 
quantity  x2  is  a  measure  of  the  quality  of  the  fit.  We  can  see 
that  the  compensation  level  is  in  the  10“  cm- 5  range  for  the 
other  group  of  crystals.  A  concentration  of  deeper  acceptors 
( 30-30  meV)  in  the  10“  cm-1  range  is  also  required. 

The  fact  that  the  data  are  very  well  modeled  in  the  whole 
temperature  domain  including  the  transition  region,  and 
with  cadmium  compositions  consistently  very  close  to  their 
actual  values  measured  by  Fourier  transform  infrared  trans¬ 
mission  measurements  (FT1R),  gives  credit  to  the  reliability 
of  the  deep  level.  So  fur  it  seems  that  there  is  no  clear  correla¬ 
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Fig.  2.  Experimental  (O)  and  theoretical  ( — )  curves  of  the  earner  concen¬ 
tration  vs  reciprocal  temperature  deduced  from  the  inverse  of  the  Hall  con¬ 
stant  for  sample  6 1 2.  Parameters  used  in  the  calculation:  fully  ionized  donor 
concentration  (Sd)  3.6X10“  cm'1,  shallow  acceptor  concentration 
(Sa,)  =  6.58  X  10“  cm1,  shallow  acceptor  energy  level  (Ea,)  =  3  9  meV, 
deep  acceptor  concentration  ( Sa, )  =  7  1  x  10* 5  cm  * !.  deep  acceptor  ener¬ 
gy  level  (fir,)  =  30  meV,  and  cadmium  composition  (x)  =0.311. 


tion  between  the  deep  and  the  shallow  levels.  The  deep  level 
would  remain  in  the  same  carrier  concentration  range,  and 
would  be  hidden  by  high  doping  levels.  We  suspect  that  the 
two  levels  have  different  origins.  At  the  present  time  we  can¬ 
not  relate  them  to  physical  defects  with  any  certainty.  For 
the  MCT  material  grown  by  the  conventional  techniques,  it 
is  now  generally  accepted  that  the  intrinsic  p-type  doping  is 
mainly  created  by  mercury  vacancies  having  two  shallow 
ionization  states  varying  between  3  and  15  meV  depending 
on  the  doping  level,  the  composition,  and  the  compensation 
used.5-6  Since  in  this  study,  the  deep-level  energy  cannot  be 
<  30  me V  without  noticeable  discrepancies  between  t  he  data 
and  the  calculated  values,  we  think  that  this  energy  level  is 
specific  to  the  MBE-MCT  (111)/?  material. 

The  previous  results  are  in  agreement  with  our  latest  study 
of  extrinsic  indium  doping.  Thanks  to  improvements  in  the 
stoichiometry  control  of  the  growth,  carrier  concentrations 
in  the  low  10“  cm range  can  now  be  obtained  routinely  for 
indium  doped  MCT  with  Cd  compositions x  -  0  2-0.3  This 
represents  a  major  improvement  compared  to  what  was  re¬ 
ported  before7  and  shows  that  the  memory  effect  linked  to 
this  material  can  be  greatly  reduced.  The  indium  elect  ncal 


Table  I.  Summary  of  the  Sited  parameter*  for  the  p- type  (111)0  layer*  studied. 
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No. 

Sd 

(cm*1) 

Sa, 

(cm"*) 

Ea, 

(meV) 

.Vo, 

(cm*1) 

fir, 

(meV) 

300 K. 

X 

r1 

loflcm  ') 

CT 

827 

5.3x10'* 

5.8x10“ 

5.5 

5.2x10“ 

43 

38 

27.1 

50*  10  * 

OA 

571 

1.3  X 10“ 

3.8x10“ 

4.3 

31 

19.9 

3  8 x  10"* 

CT 

612 

5.6x  10'* 

6.6x10“ 

3.9 

7.1x10“ 

so 

34 

31.1 

5  Tx  10  " 

CT 
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6.4  x  10“ 

8.2X10“ 

3.0 

3.1X10“ 

48 

38 

32.5 

5  7*  10-* 

CT 
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2.9X10“ 

6.0  X 10“ 

3.0 

42 

23.9 

7’  .  I0-* 
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5.4x10“ 

6.8 

8.0  X  10“ 

33 

36 
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|  -  .  10  * 

CZT 
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5.2X10“ 

6.6x10“ 

3.4 

4.3x10“ 
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41 

24.4 

50*  10  • 

CT 
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2.7x10“ 

8.5x10“ 
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Fig.  3.  Experimental  (O)  and  theoretical  ( — )  curves  showing  the  relation 
between  the  ratio  of  ionized  to  total  indium  concentrations  and  the  total 
indium  concentration.  The  experimental  data  were  determined  by  calibra¬ 
ted  secondary  ions  mass  spectrometry  measurements  and  the  theoretical 
data  used  an  acceptor  compensation  level  in  the  10IS  range,  the  model  being 
the  same  as  in  Ref.  7. 

efficiency  is  now  close  to  100%  even  for  doping  levels  in  the 
10l7cm~3  range  (Fig.  3).  This  fact  is  consistent  with  intrin¬ 
sic  acceptor  ( or  donor )  ionized  impurities  concentrations  in 
the  low  1016  cm  ~ 3  range  for  the  ( 1 1 1  )B  orientation. 

Some  of  these p-type  MBE  layers  have  been  studied  versus 
magnetic  held  assuming  that  the  electronic  transport  occurs 
in  three  carrier  bands.  The  technique  models  the  variation  of 
the  Hall  constant  versus  magnetic  field  and  is  similar  to  Ref. 
8.  An  example  of  carrier  concentrations  calculated  in  each 
band  is  shown  in  Fig.  4  for  crystal  371  that  was  already 


Fig.  4.  Variation  with  reciprocal  temperature  of  the  carrier  concentration* 
deduced  from  magnetic  Held  analysis  at  each  temperature  assuming  a  three- 
band  model. 


shown  in  Fig.  1  as  an  example  of  fitting  versus  temperature. 
The  electron  concentration  is  resolved  down  to  the  10" 
cm  ~ 3  range.  We  can  clearly  see  the  freeze-out  of  the  two  hole 
bands.  When  both  the  electrons  and  the  heavy  holes  are  re¬ 
solved,  the  product  of  their  concentrations  is  in  good  agree¬ 
ment  with  the  expected  intrinsic  carrier  concentration.’  The 
mobility  ratio  at  80  K  between  these  two  carriers  (last  elec¬ 
tron  concentration  resolved)  is  close  to  140  which  seems 
reasonable  for  this  composition.  We  conclude  that  gross  de¬ 
fects  like  substantial  concentration  of  metallic  inclusions  are 
not  present  in  the  crystal. 

IV.  CONCLUSION 

We  have  described  an  improved  Hall  fitting  technique 
which  allows  us  to  model  nearly  all  of  the  well-behaved  sam¬ 
ples  in  the  whole  temperature  range.  It  was  used  to  show  that 
important  improvements  in  the  growth  control  were  made 
recently.  The  intrinsic  doping  level  can  now  be  set  in  the  10'5 
cm  " 3  range.  The  donor  compensation  level  is  in  the  low  1016 
cm-3  range  in  agreement  with  the  latest  results  on  indium 
doping.  A  deep  level  with  an  energy  of  30  to  50  me  V  is  some¬ 
times  necessary  to  model  the  Hall  data,  particularly  when 
the  doping  level  is  lower  than  2  X 1016  cm  “ 3.  We  think  that  it 
is  probably  specific  to  the  MBE  ( 1 1 1 )  B  material.  The  multi¬ 
band  transport  analysis  confirmed  the  expected  band  struc¬ 
ture  of  the  material  with  one  electron  and  two  holes.  The 
freeze-out  of  the  two-hole  bands  could  be  detected  and  the 
concentrations  of  electrons  and  heavy  holes  agreed  with  the 
accepted  intrinsic  carrier  concentrations. 

These  powerful  tools  will  help  us  in  the  future  to  perform 
the  needed  correlations  between  the  defect  structure  of  the 
MBE  material  and  the  growth  conditions. 
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The  galvanomagnetic  transport  in  ( 1 1 1  )B  HgCdTe p-t ype  layers,  grown  by  molecular  beam 
epitaxy,  was  studied  as  a  function  of  temperature  and  magnetic  field  strength.  Experimental 
data  on  the  Hall  coefficient  and  conductivity  tensor  versus  magnetic  field  have  been  analyzed 
with  the  assumption  of  three  charge  carriers  involved  in  the  conduction  mechanism:  one 
carrier  coming  from  the  conduction  band  and  the  other  two  from  the  complex  nature  of  the 
valence  band.  Indeed,  two  kinds  of  positive  charge  carriers  with  completely  different  mobilities 
in  the  extrinsic  region  are  seen.  The  extracted  parameters  are  in  very  good  agreement  with  the 
intrinsic  concentration  over  a  wide  temperature  range. 


I.  INTRODUCTION 

HgCdTe  is  currently  the  most  important  semiconductor 
material  for  the  IR  detection  technology.  Different  growth 
techniques  are  used  to  produce  HgCdTe,  but  the  achieve¬ 
ment  of  high-quality  material  is  still  the  object  of  intensive 
efforts.  Among  other  techniques,  molecular  beam  epitaxy 
(MBE)  is  one  of  the  most  promising  due  to  its  versatility. 
Furthermore,  the  growth  is  carried  out  at  a  low  temperature 
which  limits  the  interdiffusion  process.  HgCdTe  was  grown 
for  the  first  time  by  MBE  in  1981  on  CdTe  substrates. 1  Since 
then,  this  technique  has  produced  n-  and  p- type  HgCdTe 
layers  exhibiting  structural  and  electrical  properties  com¬ 
parable  to  or  even  better  than  layers  grown  by  conventional 
techniques.2  In  order  to  optimize  the  growth  conditions  to 
prepare  high-quality  epitaxial  layers  suitable  for  infrared 
photodetectors  or  other  devices,  the  understanding  of  the 
electrical  properties  of  the  epilayers  is  essential.  The  under¬ 
standing  of  the  transport  properties  of  HgCdTe  is  rather 
difficult,  especially  forp-type  HgCdTe  epilayers3-5  because 
of  the  complex  nature  of  the  valence  band  and  the  high  elec- 
tron-to-heavy-hole  mobility  ratio.  Measurements  taken  at 
constant  field  are  not  sufficient  to  understand  this  complex 
valence-band  structure.  The  electrical  conduction  versus 
magnetic  field  has  been  described  in  the  literature  in  two 
ways:  the  Hall  coefficient  (RH )  and  resistivity  (p)5-1,10  or 
the  conductivity  tensor  components  a„  and  <rMf.9  In  all 
these  cases,  more  than  two  charge  carriers  were  necessary  to 
explain  the  conduction  mechanism.  For  n-type  HgCdTe  it 
has  also  been  proposed  that  more  than  one  kind  of  electron  is 
_ _ I 


necessary  to  explain  the  results.10  To  the  best  of  our  know¬ 
ledge  such  an  analysis  has  not  yet  been  performed  on  MBE- 
grown  HgCdTe  layers.  In  this  paper  we  will  analyze  the  Hall 
coefficient  Rh  and  the  conductivity  tensor  <rxy  for  MBE- 
grown  p-t  ype  HgCdTe  epilayers  to  study  the  galvanomag¬ 
netic  properties  versus  magnetic  fields  up  to  1.0  T. 

II.  EXPERIMENT  AND  THEORY 

The  (U1)B  HgCdTe  layers  were  grown  on 
CdTe(  1 1 1  )B,  CdZnTe(  1 1 1  )B,  and  GaAs(  100)  substrates 
in  a  Riber  2300  MBE  machine  designed  to  handle  mercury. 
In  the  case  of  GaAs  substrates,  2-3  pm  CdTe  buffer  layers 
were  grown  prior  to  the  HgCdTe.  The  Cd  composition  for 
each  layeT  was  determined  at  room  temperature  by  infrared 
transmission  measurements.  The  Hall  coefficient  and  the  re¬ 
sistivity  of  the  layers  measured  by  the  van  der  Pauw  tech¬ 
nique1  1  for  temperatures  ranging  from  300  to  20  K  and  mag¬ 
netic  fields  up  to  1.0  T. 

Assuming  the  existence  of  three  charge  earners.  R,  can 
be  expressed  as  a  function  of  magnetic  field6 

r  ^  i  +  <*  2*  +  ^ (1) 

"  gX(l  +  A  ix  +  A  5X2)  ’ 

where  q  is  the  electronic  charge  in  coulombs  and 
x  =  ( 10-iff  )2;  B is  the  magnetic  field  strength  in  Gauss,  and 
A  l,  A  2,  A  3,  A  4,  and  <4  3  are  the  nonlinear  coefficients  of  the 
mobility  (p, )  and  the  concentration  (n, )  of  the  three  charge 
carriers  involved  in  the  conduction  mechanism.  These  coef¬ 
ficients  are  given  by 
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The  experimental  Rh  data  for  various  magnetic  fields 
can  be  fitted  according  to  Eq.  ( 1 )  using  the  standard  nonlin¬ 
ear  procedure.  From  the  values  of  A  1,  A  2,  A  3,  A  4,  and  A  5 
obtained  by  fitting  the  Hall  coefficient  and  the  resistivity  at 
zero  field,  the  carrier  concentration  and  the  mobility  in  each 
band  can  be  calculated  using  Eqs.  (2). 

The  conductivity  tensor  components  ,axy )  are  giv¬ 

en  by10 

„  _ _ E _ s  y  JLSiL- 

“  P-  +  RSB1  l+ulB2 

and  ( 3 ) 

R„B  J  n,qp]B 
V  +  **2*J=*  l+pfB2' 

Here  the  concentrations  and  mobilities  of  the  charge 
carriers  are  directly  obtained  from  the  fitting  parameters  of 
the  conductivity  tensor. 


III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  magnetic  field  dependence  off?*  and 
aXf  for  sample  No.  571  at  85  K.  It  can  be  seen  that  the 
dependence  of/?*  on  the  magnetic  field  is  significant  and  at 
high  fields  it  approaches  a  constant  value.  For  <rxy,  as  the 
magnetic  field  increases  axt  starts  from  zero,  decreases,  and 
goes  through  a  minimum.  It  then  behaves  as  a  linear  func¬ 
tion  of  the  magnetic  field.  In  this  limit  ppB  <  1  and  the  con¬ 
tribution  from  heavy  holes  to  the  conductivity  tensor  aXf  is 
reduced  to  approximately  qpp\B.  This  condition  is  justified 
for  the  low  mobility  holes  up  to  the  maximum  magnetic  field 
used  in  this  investigation. 

It  is  more  convenient  to  calculate  the  carrier  parameters 


from  crty  than  Rh.  To  use  Rk,  after  the  fitting  is  done,  we 
have  to  go  through  a  cumbersome  technique  to  predict  the 
carrier  parameters.  Since  a  xy  is  decomposed  [see  Eqs.  ( 3 )  ] 
according  to  the  three  charge  carriers  involved  in  the  con¬ 
duction,  it  is  more  illustrative  to  study  axy  versus  magnetic 
field  than  to  study  /?*  versus  magnetic  field. 

All  the  analyzed  samples  showed  evidence  of  three 
kinds  of  charge  carriers  participating  in  the  conduction 
mechanism.  We  observe  two  positive  carriers,  identified  as 
light  and  heavy  holes  coming  from  the  complex  nature  of  the 
valence  band  of  HgCdTe.  Hence,  the  light-hole  contribution 
cannot  be  neglected  in  HgCdTe  narrow-gap  semiconduc¬ 
tors.  Accounting  for  these  light  holes  in  the  transport  mea¬ 
surements  produces  significant  effects  at  weak  magnetic 
fields.  We  took  great  care  recording  the  experimental  data  in 
this  limit.  Table  I  shows  the  extracted  parameters  for  light 
and  heavy  holes  for  MBE-grown  HgCdTe  epilayers  in  the 
extrinsic  temperature  region.  From  now  on,  we  will  consider 
the  behavior  of  sample  No.  571,  which  presents  the  general 
trends  of  the  MBE  layers  studied  in  this  paper. 

Figures  2  and  3  show  the  extracted  mobilities  and  car¬ 
rier  concentrations  involved  in  the  conduction  mechanism. 
The  carrier  parameters  deduced  from  both  the  /?*  and  axy 
models  are  in  very  good  agreement  We  can  see  that  both 
types  of  holes  show  carrier  freezeout  at  low  temperatures.  At 
intermediate  temperatures  (60-100  K),  the  heavy-hole  con¬ 
centration  is  nearly  constant  indicating  an  exhaustion  pla¬ 
teau  that  is  not  apparent  in  the  carrier  concentration  de¬ 
duced  simply  from  the  reciprocal  of  the  Hall  constant  ( Fig. 
4).  As  the  temperature  increases,  the  heavy-hole  concentra¬ 
tion  begins  to  increase  due  to  the  intrinsic  conduction. 

For  the  electrons,  their  concentration  falls  off  drastical¬ 
ly  as  the  temperature  decreases.  However,  down  to  80  K,  the 
data  show  evidence  of  intrinsic  electrons.  The  electron  popu¬ 
lation  cannot  be  determined  accurately  with  either  tech¬ 
nique  as  the  temperature  goes  further  down-  However,  the 
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FIG.  I.  Magnetic  field  depcndmee  of 
Hall  coeflcuet  A,  (a)  and  coodacnvwy 
tenaor  (b)  maaanred  on  sample  No. 
571  at  13  K.  The  toM  linea  them  tbe  fit 
accordmi  to  the  three-band  model 
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.  TABLE  t.  Parameters  extracted  from  the  R„  technique  for  tight  and  heavy  holes  for  p- type  MBE-grown  HgCdTe  eptlayen  at  different  temperatures 


x(%) 

Sample  ( No. ) 

Light  Holes 

Heavy  holes 

T  (K) 

Mobility  Cone. 

(cmWjxlO*)  (cm~1x  10") 

Mobility 

(cmVVsxlO*)  (cm 

Cone. 

-Jxl0'5) 

21.0 

601 

60 

1.70 

67.50 

0.84 

9.17 

20 

3.38 

22.70 

1.68 

1  47 

28.0 

780 

90 

2.72 

3.98 

0.30 

17  00 

22.0 

602 

90 

2.63 

30.50 

0.62 

II.  10 

30 

2.26 

56.60 

1.40 

2.78 

20.5 

571 

60 

1,35 

111.00 

0.54 

17.50 

23 

1.89 

36.40 

0.61 

5.60 

electron  population  can  be  resolved  down  to  the  10' 1  cm  3 
range  (Fig.  (2)). 

In  Fig.  5  we  have  compared  the  intrinsic  carrier  concen¬ 
tration  of  Hansen  and  Schmit12  with  the  one  deduced  from 
R„ .  The  circles  represent  the  values  of  ft,  —  (np)'n  calculat¬ 
ed  from  our  data.  There  is  a  good  agreement  between  the  two 
intrinsic  concentrations.  This  gives  credibility  to  the  band 
parameters  extracted  from  the  Hall  coefficient  versus  mag¬ 
netic  field  measurements.  It  also  demonstrates  that  no  addi¬ 
tional  electrons  are  detected  in  the  material  down  to  very  low 
concentrations  in  the  extrinsic  region.  We  conclude  that 
there  is  no  inversion  layer  at  the  interfaces,  and  gross  defects 
like  metallic  clusters  are  not  present. 

On  one  hand,  at  temperatures  below  7Q  K  the  samples 
exhibit  mixed  conduction  as  is  seen  from  both  the  high-mo¬ 
bility  holes  and  the  low-mobility  carriers.  Since  the  electron 
population  is  less  then  10“  cm-1  in  this  temperature  range 
the  electron  mobility  and  concentration  cannot  be  deter¬ 
mined  with  reliability.  On  the  other  hand  at  high  tempera¬ 
tures  (above  75  K),  the  R„  technique  does  not  give  realistic 
parameters  for  the  light  holes.  Therefore,  in  Figs.  2  and  3  the 
parameters  for  only  two  major  bands,  electrons  and  heavy 
holes,  are  shown  from  the  Rh  technique  in  this  temperature 
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FIO.  2.  Canter  concentrations  extracted  from  ths  three-band  modal  v*  rad- 
procal  tempentun  for  lamp)*  No.  371. 
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limit.  With  the  aXf  fitting  all  the  assumed  three  bands  are 
visible  except  at  low  temperatures  when  the  electron  popula¬ 
tion  is  less  than  10“  cm'3.  The  mobility  ratio  can  be 
calculated  from  the  values  of  the  electron  and  heavy  hole 
mobilities.  This  is  shown  in  Table  II.  There  is  no  clear  tem¬ 
perature  dependence  of  the  mobility  ratio,  but  the  values  are 
greater  than  102  in  the  temperature  range  between  140  and 
75  K.  This  is  expected  for  such  a  cadmium  composition. 

As  mentioned  above.  Fig.  4  shows  the  measured  Hall 
carrier  concentration  versus  reciprocal  temperature  at  0.2  T. 
In  the  analysis  of  this  set  of  data  versus  temperature,  we  used 
the  technique  described  in  Ref.  13.  We  assumed  a  nonpara¬ 
bolic  Kane  model,  a  single  acceptor  level,  and  a  fully  ionized 
compensating  donor  level.  The  solid  line  in  Fig.  4  \s  the  best 
fit  according  to  this  model.  The  extracted  doping  level, 
2.5  X  10'6  cm-3,  is  higher  than  that  obtained  from  the  mag¬ 
netic  field  analysis.  This  is  expected,  since  at  0.2  T.  the  elec¬ 
trons  contribute  to  the  data  around  80  K  even  though  the 
Hall  constant  is  positive.  The  slope  of  the  heavy-hole  con¬ 
centration  versus  reciprocal  temperature  is  closely  related  to 
the  acceptor  energy  E4.  From  Fig.  2,  EA  s;4.4  meV.  This  is 
in  good  agreement  with  the  fitted  acceptor  level.  Et  =4.3 
meV  in  Fig.  4.  The  consistency  of  both  analyses  implies  that 
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FIO.  3.  Mobilities  attracted  from  tbt  thns-band  model  vt  rsaprocai  tem¬ 
peratures  of  sample  No.  371. 
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FIG.  4.  Curve  fitting  of  the  earner  concentration  deduced  from  the  Hall 
measurements  vs  reciprocal  temperature  for  sample  Ho.  S71.  Parameters 
used:  *  =  19.9%,  N,  ~  S4  =  2.5x  10,4cni-\  Nt  -  1.3 x  10“  cm"’,  and 
Ea  =  4.3  meV. 


the  sample  under  investigation  has  a  good  doping  uniformity 
along  the  growth  direction,  and  is  free  of  other  additional 
dominant  charges  in  the  conduction  mechanism. 


IV.  CONCLUSION 

We  have  studied  the  band  parameters  of  MBE-grown  p- 
type  HgCdTe  by  analyzing  the  Hall  coefficient  /?*  and  the 
conductivity  tensor  ax,  versus  magnetic  held  at  different 
temperatures.  We  fesolve  two  kinds  of  positive  charge  carri¬ 
ers  in  the  extrinsic  region.  With  the  technique  described  it 
was  possible  to  determine  the  carrier  mobility  and  the  con¬ 
centration  versus  temperature  for  each  band,  including 
those  of  the  minority  carriers.  The  extracted  parameters  are 
in  good  agreement  with  the  ones  expected  from  the  intrinsic 
concentration.  The  two  types  of  analyses  were  consistent 
with  each  other.  Our  data  show  that  the  conductivity  tensor 
technique  is  more  useful  than  the  technique  using  /t*  at  some 
temperatures.  On  the  other  hand,  with  the  axy  technique  it  is 
impossible,  especially  for  p-type  epilayers,  to  reach  the  high 
held  limit  fipB>\  with  the  magnetic  helds  that  we  have 


Temperature(K) 

FIO.  3.  Temperature  dependence  of  (up) 1,1  for  sample  No.  371.  The  solid 
list  shows  calculatad  from  Hmtn  sad  Schmrt  (Ref.  12). 
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TABLE  ll.  Temperature  dependence  of  the  ratio  of  the  electron  to  the 
heavy-hole  mobilities  for  sample  No.  371. 


T 

(K) 

(with  R„) 

( with  ) 

140 

133 

136 

120 

113 

104 

100 

93 

120 

95 

112 

120 

90 

116 

128 

85 

123 

135 

80 

137 

147 

75 

259 

296 

used.  Hence,  initial  guesses  for  the  parameters  in  the  curve 
fitting  with  <rxy  are  difficult  to  determine.  Any  values  for  the 
initial  parameters  might  give  a  good  ht  since,  for  the  investi¬ 
gated  magnetic  held  limit,  axy  is  a  linear  function  of  the 
fitting  parameters. 

This  multiband  transport  analysis  conhrms  the  expect¬ 
ed  band  structure  of  MBE-grown  HgCdTe  with  one  electron 
and  two  holes.  This  study  conhrms  that  MBE  HgCdTe  lay¬ 
ers  can  be  grown  with  a  good  doping  uniformity  and  free  of 
gross  metallic  defects  and  inversion  layers.  From  Fig.  1,  it  is 
seen  that  the  magnetic  held  strength  is  essential  when  one 
specifies  the  measured  quantities,  such  as  Rh  and,  therefore, 
the  Hall  mobility.  The  information  on  the  minority  carriers 
can  also  help  to  improve  the  control  of  the  growth  param¬ 
eters  to  obtain  high-quality  HgCdTe  epilayers. 
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111-2  EXRINSIC  DOPING 
111—2—1  N-TYPE  DOPING:  INDIUM 

In  the  final  report  of  DARPA  contract  MDA  903-85K-0330  entitled,  "MBE 
growth  of  mercury  cadmium  telluride  and  superlattices.*  the  propertle  of  In 
doped  HgCdTe  MBE  layers  have  been  discussed.  It  appeared  that  In  is  a  very 
good  n-type  dopant  but  also  that  it  ‘  presents  a  serious  memory  effect  problem  as 
illustrated  by  Table  III.  A  layer  grown  after  a  In-doped  one  was  always  n-type 
even  though  a  p-type  conduction  was  expected. 

Therefore  we  have  worked  on  this  question  and  by  changing  the  position  of 
the  cells  and  also  the  way  that  part  of  the  growth  is  carried  out  we  have  solved 

most  of  this  problem.  Now  a  layer  grown  after  a  In-doped  layer  exhibits  a  p- 

type  character  (see  quarterly  report  dated  March  15,  1988).  However  it  is  unclear 
whether  or  not  a  low  In  contamination  still  exist  in  those  p-type  layers. 

SIMS  measurements  have  been  performed  on  In-doped  HgCdTe  layers  have 
shown  that  a  doping  level  as  low  as  2.0x1  o“cm-'  controlled  by  the  In  level  has 
been  achieved.  This  represents  a  major  improvement  compared  to  our  results 
published  previously  (Applied  Physics  Letters  48,  1733,  1986).  This  means  that 
we  have  a  much  better  control  of  the  stoichiometry.  It  is  also  confirmed  that  In 

is  100%  active  in  HgCdTe  MBE  grown  layer  since  the  Nq-N^  value  determined  by 

Hall  measurements  is  identical  to  [In]  measure  by  SIMS  using  calibrated  sample. 

The  third  observation  concerns  the  abruptness  of  the  In  profile.  It  is  confirmed 
that  junctions  grown  by  MBE  using  In  can  be  very  abrupt,  which  Is  excellent  for 
in  situ  device  technology.  Details  are  given  in  the  attached  paper  #1.  Thanks  to 
its  exceptional  electrical  properties  this  element  Is  now  established  as  the  best  n- 
type  dopant  of  MBE  grown  HgCdTe. 

Concerning  the  crystallographic  orientation  we  have  also  found  that  it  does 
play  also  a  role  in  the  incorporation  of  impurity,  such  as.  Indium.  Indium  has 
been  incorporated  as  a  donor  during  MBE  growth  of  MCT  in  the  (100)  orientation. 
As  compared  to  the  (lll)B  orientation,  Hall  and  SIMS  measurements  have  shown 
that  indium  in  the  (100)  MCT  layers  is  at  least  doubly  ionized.  This  is  true  at 
least  for  N|n  below  1  x  I017cm-3.  We  believe  that  most  of  the  In  atoms  are 
triply  Ionized  and  incorporated  interstltlally  in  MCT.  The  other  In  atoms  could 
be  single  ionized  In  substitution  on  the  metal  site  vacancies  not  already  filled  by 
the  Te  atoms  like  in  the  (111)B  direction.  Such  an  incorporation  mechanism  of 


indium  supports  a  Te  antisite  model  for  explaining  the  favorable  n-type  behavior 
on  (100)  MCT  grown  by  MBE.  It  also  agrees  with  the  growth  in  the  (100)  direction 
occurring  under  Te-rich  conditions  like  in  the  (lll)B  direction.  These  results 
imply  that  foreign  dopants,  in  general,  should  be  incorporated  interstitially  at 
least  to  some  significant  extent  in  the  (100)  orientation.  We  think  that  interstitial 
doping  by  MBE  in  the  (100)  orientation  might  present  serious  limitation  for  its 
future  electronic  applications.  These  results  are  extremely  important  for  the 
fabrication  of  MCT  devices  involving  doping  application  in  general,  since  it  indicates 
that  the  orientation  might  play  a  very  important  role.  For  more  details,  see  the 
attached  paper  #2. 

ATTACHED  PAPERS: 

1.  ‘The  intrinsic  and  extrinsic  doping  of  mercury  cadmium  telluride  grown  by 
molecular  beam  epitaxy* 

2.  ‘Role  of  the  crystallographic  orientation  on  the  incorporation  of  Indium  in 
HgCdTe  epilayers  grown  by  molecular  beam  epitaxy* 


Inst.  Phys.  Conf  Sen  Mo  95:  Chapter  6 

Paper  presented  at  Int.  Conf.  Shallow  Impurities  in  Semiconductors,  Linkoping,  Sweden,  1988 
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The  intrinsic  and  extrinsic  doping  of  mercury  cadmium  teiluride  grown  by 
molecular  beam  epitaxy 


M.  Boukerche  and  J.P.  Faurla 

University  of  Illinois,  Oapt  of  Physics,  Chicago,  Illinois  60680 


ABSTRACT:  The  electrical  propertlea  of  the  Mercury  cadmium  teiluride 
seaiconducting  alloy  grown  by  the  molecular  beaa  epitaxy  technique  are 
reviewed.  The  intrinsic  doping  produced  by  stoichiometry  deviation 
during  growth,  as  well  as  the  extrinsic  doping  resulting  from  incorporation 
of  indium,  lithium,  silicon,  arsenic  and  antimony  are  described.  The 
element  from  column  I  (Li)  is  a  p-type  dopant  whereas  the  others:  dope 
the  material  n-type.  We  will  show  that  these  impurities  mostly  substitute 
in  the  metal  site.  We  will  conclude  that  the  growth  occurs  under  tellurium 
rich  conditions. 


1.  INTRODUCTION 

The  mercury  cadmium  teiluride  material  (MCT)  is  recognized  as  the  most 
important  Infrared  material  for  detector  applications  in  the  8-12um  and  3- 
5 urn  wavelength  atmospheric  transparency  windows.  Since  its  direct  bandgap 
can  be  tuned  by  adjusting  its  cadmium  composition,  it  was  also  suggested 
as  a  candidate  for  photonic  applications  in  a  much  wider  energy  range.  The 
molecular-beam  epitaxy  (MBE)  technique  is  now  established  as  a  possible 
technique  to  grow  high  quality  MCT  epitaxial  layers. 

Very  important  improvements  have  been  made  in  the  growth  control  and 
understanding  (Slvananthan  et  al  1988)  since  it  was  first  reported  seven 
years  ago  (Faurla  and  Mlllon  1981).  The  best  as-grown  MBE  material  compares 
with  the  best  post-annealed  material  produced  by  the  other  techniques. 
Highly  uniform  hetero-epitaxlal  MCT-MBE  layers  have  been  demonstrated  on 
two-inch  GaAs  substrates  (Lange  et  al  1988).  Characterizations  of  hetero Junc¬ 
tions  and  hoaojunctlons  made  ln-sltu  have  already  been  reported  (Boukerche 
et  al  1988a).  High  performance  photovoltaic  operation  has  also  been  shown 
recently  on  hoaojunctlon  diodes  made  ex-sltu  by  ion  implantation  on  unannealed 
MBE  material  (Faurle  et  al  1988,  Arias  et  al  1988). 

The  highly  flexible  MBE  growth  technique  is  an  Ideally  versatile  tool  to 
study  the  correlations  between  the  growth  conditions  and  the  electrical 
properties  of  the  layers.  It  is  also  being  considered  for  industrial 
applications.  We  will  review  the  few  studies  published  on  the  doping  of 
the  MBE-MCT  material,  and  will  present  the  latest  results  obtained  in  our 
laboratory. 

2.  INTRINSIC  DOPING 

Like  for  the  other  techniques,  the  MBE  technique  Is  facing  all  the  difficulties 
associated  with  the  lonlclty  of  this  II-VI  pseudo-random  alloy.  The  large 
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stoichiometry  deviation  rang*  (4y  <*  10”5)  can  generate  Intrinsic  dopings 
In  the  10”  cm'^  range.  We  can  see  that  the  growth  control  Is  even  aore 
critical  than  for  the  III -V  aaterlals.  A  few  degrees  change  in  substrate 
or  Hg  cell  temperature  can  change  substantially  the  doping  concentration 
of  the  aaterlal  being  grown.  The  precision  of  the  growth  controls  will 
determine  the  ainiaua  extrinsic  doping  level  achievable  with  reproducibility. 

The  best  coaproalse  between  the  growth  requirements  of  CdTe  and  HgTe  sets 
the  substrate  temperature  (Ts)  around  190C  (Slvananthan  et  al  1988)  for  Cd 
coaposltlons  (X)  close  to  0,2-0. 3.  Monitoring  the  growth  by  high  energy 
electron  diffraction  (SEED)  and  establishing  correlations  with  Hall  measure¬ 
ments  showed  that  high  quality  epitaxy  can  omly  be  achieved  within  narrow 
ranges  of  Hg  pressures  and  substrate  temperatures  for  fixed  X  and  growth 
rates  In  the  (lll)B  orientation.  If  the  Hg  flux  Is  too  low  or  Ts  too  high 
the  p-type  character  of  the  layer  Increases.  When  rings  become  detectable 
on  the  HEED  screen,  which  is  attributed  to  tellurium  precipitation,  the 
Hall  mobility  decreases  to  100  cm2/V/s  or  less  and  the  doping  level  Is  p- 
type  in  the  low  10^cm“*  range  for  X*0.2-0.3  and  growth  along  the  (lll)B 
orientation.  In  the  same  crystallographic  orientation.  If  the  mercury 
pressure  Is  too  high  or  Ts  is  too  low,  twin  dots  appear  along  the  diffraction 
lines  of  the  HEED  screen,  and  the  electrical  properties  of  the  layers 
degrade  rapidly  (Faurie  et  al  1986a).  They  usually  show  n-type  conduction. 
We  think  that  the  related  defects  are  twins.  Abnormal  behaviors  were 
reported  for  such  layers  after  isothermal  anneals  under  mercury  pressure 
(Arles  et  al  1987).  The  fact  that  excess  Hg  produces  n-type  material  even 
before  twins  are  visible  Is  consistent  with  the  well  recognized  properties 
of  Hg  In  MCT  (Vydyanath  1981a). 

The  growth  requirements  vary  with  the  growth  orientation.  These  differences 
will  also  be  reflected  in  their  respective  electrical  properties.  The 
minimum  Hg  pressure  found  necessary  to  maintain  a  monocrystalline  growth 
was  found  to  be  an  order  of  Magnitude  higher  for  the  (lll)A  cadmium  face 
than  for  the  (lll)i  tellurium  face  (Slvananthan  et  al  1986).  The  same 
results  were  also  reported  for  the  (112)Cd  and  Te  faces  (Koestner  and 
Schaake  1988).  The  case  of  the  (100)  face  lies  somewhere  In  between. This 
Is  one  of  the  reasons  why  the  (lll)B  orientation  was  studied  first  since 
high  vacuum  conditions  were  difficult  to  sustain  In  non  specifically  designed 
MBE  systems.  The  price  of  high  purity  mercury  Is  also  to  be  taken  into 
consideration  for  industrial  spplications. 

In  addition  to  the  effects  of  the  Hg  flux  and  Ta  previously  mentioned,  an 
Increase  In  Cd  composition  tends  to  produce  p-type  material  (Boukerche  et 
al  1986).  In  the  (lll)B  orientation  good  quality  layers  cen  only  be  grown 
p-type  for  Cd  coaposltlons  more  than  .2,  and  n-type  for  X  less  than  0.2 
(Slvananthan  et  al  1988).  The  p-type  Intrinsic  doping  level  can  reach  the 
mld-ioi'cm-*  range  (Bouksrche  et  al  1986).  Fittings  of  the  Hall  data  with 
a  model  based  on  two  band  Kano  theory  and  a  single  shallow  doping  level  singly 
Ionised  were  performed.  Very  good  agreements  could  be  obtained  between  the 
carrier  concentrations  measured  and  calculated  In  the  hole  temperature 
range,  as  well  as  for  the  Cd  compositions  measured  by  Fourier  transform 
Infrared  spectroscopy  (FTIK)  at  room  temperature  and  the  ones  fitted.  The 
donor  compensation  was  estimated  to  be  In  the  low  1017cm“3  range  for  this 
particular  set  of  samples.  Automatic  fittings  made  with  the  same  model  on 
crystals  grown  mors  recently  gave  compensation  levels  In  the  mld-101  cm' 
range  (Fig.  1).  Interestingly,  a  two  level  model  with  a  doubly  ionised 
state  was  not  required  to  reach  such  lower  compensation  magnitudes.  The 
non-uniform  or  suspicious  layers  were  obviously  not  considered  In  this 
analysis.  He  should  point  out  that  surface  Inversion  in  as-grown  p-type 
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MBE  layers  1*  vary  unusual,  even 
for  doping  lavals  of  lxl016caV  Tha 
bast  p-typa  Hall  nobilities  raaehad 
conslstantly  llOOcn^/V.s  or  aora 
(Tabla  I)  without  two  dlaanslonal 
conflnaaant  effaces  due  to  RgTe 
Interfaces  (Fauria  at  al  1986b). 
They  coapara  favorably  with  published 
data  for  tha  other  growth  techniques 
(Gold  and  Nelson  1986,  Mayer  at  al 
1987).  Doping  lavals  in  tha  lO^cn^ 
range  ware  also  observed.  Excess 
carriers  llfatlaes  ware  aaasurad  on 


these  aatarials  being  illuainated 
by  a  solid  state  laser.  The  photosignal 
was  always  checked  for  exponen- 
tlallty.  Tha  electron  llfetlae  in 
soae  of  these  p-type  layers  could 
exceed  700ns  at  220K  (Fig.  2)  and 
was  very  wall  fitted  with  a  Shockley- 
Read  aodel  including  a 
recoablnatlon  level  near 


Fig.  1.  Hall  curve  calculation 
for  a  p-type  intrinsic  layer 
paraaeters  used:  x  »  .259, 

Nd  ■  2.9xl016ca~i,  NA  * 
6xl0*®ca‘*,  EA  *■  3  aeV,  the 
donors  are assuaed fully  ionized. 


aid-gap  (DeSouza  et  al 
1988).  Tha  analysis  of  such 
aatarlal  versus  aagnetlc 
field  with  a  three  band 
aodel  confined  the  expected 
band  structure  with  one 
light  electron,  one  light 
hole  and  one  heavy  hole 
bands  (Hi jewarnasuriya  et 
al  1988). 

High  nobility  n-type 
layers  can  also  ba  achieved 
in  the  (111)  direction  by 
stoichiometry  adjustment. 
However,  the  carrier 
concentration  determined 
by  tha  Hall  aeasuraaent 
aonotlcally  decreases  with 
temperature  and  never 
exceeds  the  low  10^ca~^ 
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range  at  low  temperatures  (Boukarche  et  al  1986a).  When  the  Cd  composition 
Is  less  than  .2,  the  carrier  concentration  at  high  temperatures  can  be  higher 
than  the  expected  intrinsic  carrier  concentration.  Such  layers  were  confirmed 
to  be  n-type  by  capacitance  aeasurements  on  MIS  structures  (Yoo  et  al 
1988)  and  thermoelectric  probing  at  cryogenic  temperatures.  Such  a  behavior 
looks  similar  to  bandgap  narrowing  due  to  the  formation  of  an  impurity 
band.  We  suggest  that  it  could  also  be  related  to  a  self-compensated 
native  defects  together  with  a  low  electron  to  hole  mobility  ratio.  This 
subject  la  still  being  investigated. 


MBI  growth  along  the  (100)  orientation  can  also  produce  high  quality  n  or 
p-type  MCT  material.  However,  the  layers  are  n-type  for  Cd  compositions 
less  than  .33.  P-type  material  can  be  achieved  only  when  the  substrate 
temperature  exceeds  200C  (Arles  et  al  1987,  Sivananthan  et  al  1988).  No 
twinning  is  observed  on  the  HEED  screen  during  the  growth.  As  previously 
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mentioned  the  magnitude  of  the  Hg 
f  lux  necessary  t o maintain aonocrystal- 
iinity  te  larger  than  In  the  (lll)B 
cate.  The  growth  la  actually  eaaler 
to  control  aince  the  aultable  relative 
range  of  Hg  flux  la  wider.  Aa  In  the 
(lll)B  caae,  the  n-type  doping  level 
la  Halted  to  the  low  lO^cn"^ 
range.  The  carrier  concentration  and 
realatlvity  deduced  froa  the  Hall 
aeaaureaenta  follow  the  anticipated 
behavlora  of  the  narrow  bandgap  n- 
type  NCT  aaterlal  veraua  teaperature 
(Hansen  and  Schalt  1983).  The  donor 
level  la  aerged  In  the  conduction  bend 
and  la  alwaya  fully  Ionized.  The 
realatlvity  dlpa  at  the  onaet  of 
extrlnalc  conduction.  Faceting 
during  growth  along  the  (100)  direction 
reaultlng  In  pyraaldal  volda  preaent 
In  the  layera  waa  reported  recently 
(Million  et  al  1988).  They  were  ahown  to  originate  at  the  CdTe  Interface. 
The  denalty  of  theae  defecta  waa  function  of  the  aubatrate  uaed  end  the 
aurface  preparation.  He  did  obeerve  the  ease  defecta.  Whether  they  will 
remain  a  aerloua  limitation  for  the  growth  In  the  (100)  orientation,  or 
are  linked  to  the  quality  of  the  growth  control,  le  atlll  to  be  determined. 

We  aee  that  the  phyalcal  and  electrical  propertlea  of  the  layera  ere  totally 
dependent  on  the  growth  orientation.  It  waa  prevloualy  auggeatad  that  the 
Hg  preaaure  requlreaenta  for  the  (lll)Te  face  were  smaller  becauae  the  Te 
growing  front  waa  acting  aa  a  protective  layer  limiting  the  Hg  (and  Cd) 
raevaporatlon  (Slvananthan  et  al  1986).  We  think  that  Te  la  reaponalble 
for  the  different  lntrlnalc  propertlea  of  the  MCT-NBE  material  In  the  two 
directions  described  above.  The  (111)8  growth  aeema  to  be  Intrinsically  p- 
type.  The  negative  sign  of  the  Hall  constant  at  low  X  la  more  linked  to 
the  narrow  bandgep  effects  (electron  to  hole  nobility  and  denalty  of 
states  ratios)  than  to  the  actual  doping  denalty.  An  opposite  situation 
prevails  In  the  (100)  orientation  since  the  layers  are  definitely  doped  n- 
type.  This  difference  cannot  be  explained  by  a  model  besed  on  the  concen¬ 
tration  of  mercury  vacancies  since  more  Hg  Is  required  to  grow  the  (100) 
direction.  Furthermore  the  (100)  growth  orientation  leads  to  p-type  material 
only  when  the  substrate  temperature  exceeds  2000,  which  la  known  to  Induce 
substantial  tellurium  reevaporation  (Slvananthan  et  el  1986).  We  conclude 
that  Te  Is  Indeed  responsible  for  the  different  doping  properties  of  these 
two  growth  orientations.  Substitutional  Te  atoms  on  the  metal  site  might 
explain  the  (100)  n-type  (Faurle  1987).  We  will  now  aee  that  It  also 
controls  Its  extrinsic  doping  properties. 


I  I  I  I  VIII  I  -  -  *  i 
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Fig.  2.  Example  of  photodecay 
lifetime  measurements  on  p-type 

Intrinsic material . - : calculation 

with  the  Shockley-Read  theory, 

E  t/  Eg* . 49 , rn0*35na . 


3.  DOPING  WITH  INDIUM 

Controlled  In  evaporation  during  MBE  growth  was  found  to  produce  n-type 
layers  on  CdTe(lll)//GaAs(100)  combination  substrates  (Boukerche  et  al 
1986b).  The  maximum  electron  concentration  measured  by  Hall  could  reach 
2x10^ “cm"* ,  which  is  two  orders  of  magnitude  more  than  what  can  be  achieved 
by  stoichiometry  deviation.  The  carrier  concentration  at  low  temperatures 
was  comparsd  to  the  atomic  In  concentration  determined  by  secondary  Ion 
mass  spectrometry  (SIMS)  calibrated  with  Implanted  reference  samples.  Even 
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chough  the  Cd  composition  of  the  sample*  varied  from  .2  to  .  i  and  some 
uncertainty  was  unavoidable,  a  clear  trend  was  detectad.  The  data  measured 
could  be  very  well  fitted  with  a  model  assuming  that  part  of  the  In  concentra¬ 
tion  precipitated  In  the  form  of  In2Te3,  the  rest  of  It  being  singly 
ionized.  The  formation  of  this  compound  should  actually  not  be  seen  as  a 
singular  defect  since  it  has  been  reported  in  solid  solution  in  HgTe  for 
compositions  between  0  and  0.2  (Spencer  1964).  The  model  also  assumed  a  fixed 
concentration  of  compensating  acceptors  In  the  low  1017cm-3  range.  This 
value  was  not  surprising  since  the  layers  were  Intentionally  grown  with 
conditions  adjusted  to  produce  Intrinsic  p-type  material  without  In.  More 
recent  results  analyzed  with  the  same  model  show  that  the  In  population  is 


fully  ionized  for  concentrations  of  lu^'c 
can  be  seen  In  Fig.  3.  The  compensating 
precisely  determined  when  more 
measurements  will  be  available.  At 
the  present  time  it  could  only  be 
estimated  to  be  at  least  a  decade 
lower  than  previously  reported.  The 
electrical  efficiency  of  In  In  MCT 
made  by  MSB  is  larger  than  for 
other  growth  techniques  (Vydyanath 
1981b).  This  is  probably  related  to 
the  lower  substrate  temperature  used 
during  growth  decreasing  the  rat*  of 
In2T*3  precipitation.  SINS  profiling 
of  In  Junctions  grown  during  two 
hours  or  more  showed  diffusion 
profiles  around  2000A  wide  probably 
United  by  the  instrument  Itself 
(Fig.  4).  Uncorrected  spreading 
resistance  data  measured  at  cryogenic 
temperature  gave  a  transition  width 
of  3000A  for  a  junction  2. 5um  deep. 

A  layer  with  a  Cd  composition  0.53 
was  doped  with  In  and  was  measured 
having  1015cm“3  electrons.  This 
could  never  be  achieved _  by  stoich¬ 
iometry  adjustment.  In  general  the 
Hall  mobilities  of  the  In  doped 
layers  look  promising  In  view  of 
their  doping  levels  and  Cd  compositions 
(Fig.  5).  He  discovered  that  the 
layers  grown  after  In  doping  was 
used  tend  to  be  n-type.  SIMS  measure¬ 
ments  proved  chat  In  was  still 
present  In  the  subsequently  grown 
material.  This  limitation  Is  obviously 
critical  If  junctions  srs  to  be 
realised.  However  we  think  that  It 
Is  a  technological  rather  than 
physical  limitation  linked  to  the 
high  vapor  pressure  of  In  versus 
temperature.  This  problem  has  now 
nearly  been  solved  since  Intrinsic 
P-type  layers  could  be  grown  after 
In  doped  material.  Thanks  to  Its 
exceptional  electrical  properties, 
this  element  will  most  certainly 


“ ■*  or  below  (Sou  et  al  1988)  as 
acceptor  concentration  will  be 


Fig.  3.  Fraction  of  ionized 
indium  atoms  versus  the  atomic 
concentration  of  indium. 


DBPTH  (mat 


Fig.  4.  SINS  profile  of  sharp 
In  doping  transition  made 
during  growth. 
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rrnln  as  a  on*  of  th*  major  n- 
typ*  dopant*  of  MBF.-MCT.  W« 
should  alio  manclon  that  It  was 
demons tratad  as  an  efficient  n- 
typ*  dopant  In  th*  10^7cm~^ 
rang*  for  CdT*  grown  by  laser 
assisted  MBE  (Blcknell  «t  al 
1987). 

4.  DOPING  WITH  LITHIUM 

The  n«*d  for  a  p-type  dopant  in 
MBE-MCT  rises  first  for  th* 
growth  in  th*  (100)  orientation 
since  it  usually  produces 
intrinsic  n-typ*  material  as 
mentioned  above.  Since  Li  la  a 
column  I  element,  it  was  expected 
to  behave  as  a  p-typ*  dopant. 
Such  was  indeed  th*  case  (Wijewar- 
nasurlys  at  al  1987).  Doping 

Imtfftla  mm  H  i  ark  am 


X  VAAJUa 

Mi  m  u»  aa  qoo  &jt 


levels  as  high  as  8xl0iocmJ  '  ^ two 

could  be  measured.  Th*  amount  »  *-rtm  smut  ire  utram  iut  asimmai 

of  Lithium  Incorporated  in  the 

MBE  layers  grown  was  estimated  Fig.  5.  Comparison  of  mobilities 
from  the  Li  effusion  cell  for  MCT  layers  from  different  origins, 
temperature.  th*  geometrical 
configuration  of  th*  system, 
and  th*  growth  rate, 

assuming  a  unity  condensa-  >*“  [■■■■!  . .  1  1  1  r  ~~ — 

tion  coefficient.  A  very  * “ -  -  **** *“ T"** **  j 

good  agreement  was  found  »  —  ■■  —  — *  i  c 

between  thea*  calculated  *  •  *  1°  I 

values  and  th*  carrier  a  *  If 

concentration  deduced  from  J  *  1  * 

th*  Hall  measuremant*  I  ,  1'°  | 

above  5xl017cm3  (Fig.  6).  I  ...  5 

W*  conclude  that  most  of  I  .  I 

th*  Li  atoms  ar*  Indeed  "  ***  r  ’ 

Incorporated  and  singly 

ionized  in  th* crystal.  Bole  „  ,  i  ,  i _ 10* 

freeze-out  was  only  detected  »*  i*  •*  * 

ones  for  a  doping  level  of 

lO^cm-*.  The  carrier  Fig.  6.  Comparison  of  calculated  LI  Incident 
concentration  remained  flux  with  SIMS  end  electrical  date. 

Independent  of  temperature 
in  agreement  with  a  shallow 

doping  level  merged  into  the  valence  band  for  doping  levels  of  4xi016cm“* 
or  nor*.  Above  2xl0*®cm“^  th*  carrier  concentration  started  to  decrease 
slightly  along  a  curved  shape  with  reciprocal  temperature  showing  th* 
onset  of  semi  metallic  impurity  band  conduction.  Impurity  scattering 
calculations  similar  to  th*  ones  made  by  Vydyanath  (1981a)  were  attempted. 
When  the  mobility  without  In  la  assumed  to  be  around  500cm7/V.a,  tb* 
calculated  and  measured  values,  assuming  that  the  donors  ar*  singly  ionized 
at  low  temperatures,  are  In  reasonable  agreement  (Fig.  7).  Lithium  was 
also  found  to  dope  th*  (lll)B  MBS  grown  material  p-type,  even  for  Cd 
compositions  as  low  as  0.16.  Th*  Ball  constant  measured  on  such  low  X  MBE 
material  la  always  negative  without  lithium  Incorporation.  It  thus  seems 
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iismuoraaiax 
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grown  was  estimated  Fig.  5.  Comparison  of  mobilities 
Li  effusion  cell  for  MCT  layers  from  different  origins. 

,  th*  geometrical 


i“'  \ 


Fig.  6.  Comparison  of  calculated  Li  Incident 
flux  with  SIMS  end  electrical  date. 


Shallow  Impurities  in  II-  VI  Compounds 


that  Li  l*  *  very  efficient  p- 
type  dopant  probably  substltut- 
Ing  in  the  metal  eita.  Unfor¬ 
tunately  we  discovered  that  the 
MCT  Material  grown  above  or 
below  Li  doped  regions  had 
basically  the  saae  Li  content  as 
detected  by  SIMS.  Lithium  is 
highly  aoblle  in  the  MBB  layers. 

It  can  also  diffuse  out  of  the 
material  since  some  Li  doped 
crystals  were  Measured  n-type 
after  annealing.  This  result  is 
not  surprising  since  the  Li 
atoMic  radius  is  saall,  and  it 
obviously  conpronises  any  electro¬ 
nic  device  application. 

5.  DOPING  WITH  OTHER  ELEMENTS 

Silicon,  a  coluan  IV  elenent,  was  found  to  behave  as  an  n-type  dopant  vhe 
evaporated  during  MBE-MCT  growth  (Boukerche  et  al  1988b).  The  highes 
level  achieved  reached  1.7x10* 'em-*.  Unlike  for  the  case  of  lndiua,  n 
aeaory  effect  was  observed.  The  reproducibility  of  the  doping  level  wa 
aore  difficult  to  achieve,  probably  because  of  the  aore  lntlaate  Interaction 
between  this  eleaent  and  the  native  growth  conditions.  The  aaphoterou 
character  of  this  eleaent  is  recognised  in  the  growth  of  III — V  Materials 
and  it  was  previously  shown  to  produce  n-type  MCT  Material  before  (Johnso 
and  Schait  1977).  A  fully  ionized  behavior  Independent  of  teaperature  wa 
seen  even  for  doping  levels  in  the  10l5cm“3  range.  A  strong  accepto 
coapensatlon  was  suspected  since  strong  lapurlty  scattering  Halted  th. 
nobility  at  low  teaperaturea.  SIMS  profiles  could  resolve  less  than  1000< 
transitions  on  3ua  thick  junctions.  Hoaojunctlons  made  on  intrinsic  p- 
aaterlal  with  this  dopant  were  reported  recently  (Boukerche  et  al  1988a) 
The  doping  concentration  waa  suspected  to  be  non-uniform  close  by  the 
Junction.  It  was  also  concluded  that  the  device  operation  was  Halted  b> 
generation- recombination. 

The  coluan  V  eleasnts  arsenic  and  antimony  were  also  found  to  act  as  n- 
type  dopants  in  MBE-MCT.  The  doping  levels  achieved  never  exceeded  the 
I0*“cm"*  range.  The  carrier  concentration  was  nearly  Independent  of  teaperetur 
in  the  extrinsic  range.  Unlike  intrinsic  doping  It  was  also  the  case  fo 
low  X  Material  in  the  (lll)B  orientation.  Strong  Impurity  scattering  wa 
Halting  the  Mobility  at  low  teaperature.  Since  the  doping  aagnltud 
remained  low,  we  think  that  these  elements  were  highly  self -compensated  1 
the  MBE  material.  Arsenic  was  previously  reported  to  be  amphoteric  whe 
Incorporated  during  tellurium  rich  MCT  growth  by  the  liquid  phase  epitax 
technique  (Vydyanath  et  si  1986).  Illumination  of  the  crystal  during  th. 
growth  by  an  Nd-Yag  green  lsser  pulsed  et  lOKhs  only  slightly  increasec 
the  Cd  composition  and  the  electron  concentration  In  the  material,  but  did 
not  change  its  electrical  type.  Isothermal  annealing  at  teaperaturea 
between  200  and  2S0C  also  kept  the  samples  n-type,  showing  that  the  doping 
eechanisa  was  stable. 

This  is  a  very  important  result  giving  Insights  on  the  MBE  growth  mechanism 
since  As  was  found  to  dope  MCT  p-type  by  diffusion  (Johnson  and  Schait  1977). 


Fig.  7.  Measured  and  calculated 
holemobi lit les versus  Li  doping  level . 
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CONCLUSION 

We  showed  Chet  lithium,  e  coluan  I  element,  lubetlcutee  In  the  aetal  site 
to  dope  the  aeterlel  p-type.  Silver,  another  eleaent  froa  coluan  I,  was  also 
reported  a«  doping  the  MBE  aeterial  p-type  (Wroge  at  al  1988).  Indiua,  a 
coluan  III  eleaent,  was  shown  to  dope  efficiently  the  layers  n-type, 
mostly  substituting  in  the  aetal  site,  the  rest  precipitating  lsoelectrlcally 
in  the  fora  of  InjTej.  When  going  to  coluan  IV  (Si)  and  coluan  V  (As,Sb)  the 
eleaents  investigated  still  dope  the  aaterial  n-type,  but  the  maximum 
doping  levels  achieved  decrease  sharply  and  the  self-coapensatlon  Increases. 
We  conclude  that  none  of  the  eleaents  studied  could  substitute  in  the 
chalcogenide  site.  This  proves  that  the  MBE-MCT  growth  is  occurring  under 
very  rich  Te  conditions  so  chat  no  Te  site  is  available  for  substitution. 
This  analysis  is  consistent  with  the  case  of  intrinsic  doping  discussed 
above  since  we  already  suggested  that  Te  is  responsible  for  the  electrical 
properties  of  the  layers. 
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Role  of  the  crystallographic  orientation  on  the  incorporation  of  indium 
in  HgCdTe  epilayers  grown  by  molecular  beam  epitaxy 
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In-doped  HgCdTe  films  have  been  grown  by  molecular  beam  epitaxy  (MBE)  on  CdTe 
substrates  in  the  ( 100)  crystallographic  orientation.  They  were  characterized  by  Hall  and 
secondary-ion  mass  spectroscopy  measurements.  The  results  are  compared  with  those  of  In- 
doped  HgCdTe  layers  grown  in  the  ( 1 1 1  )B orientation.  In  the  (111)2) orientation  indium  is 
incorporated  in  the  metal  site  whereas  in  the  ( 100)  orientation  it  appears  that  indium  is  mainly 
incorporated  interstitially.  The  results  agree  with  a  Te  antisite  model  as  a  possibility  for 
explaining  the  electrical  behavior  of  ( 100)  HgCdTe  grown  by  MBE 


The  growth  of  the  infrared  material  HgCdTe  ( MCT )  by 
molecular  beam  epitaxy  (MBE)  has  been  studied  since  the 
beginning  of  this  decade.  Most  of  the  reported  results  have 
been  obtained  in  the  ( 1 1 1  )B  and  ( 100)  orientations.  It  is 
well  known  that  the  conduction  type  (p  or  n)  can  be  con¬ 
trolled  stoichiometrically  by  varying  the  Hg  flux  (low  or 
high)  or  the  substrate  temperature.1  This  principle  is  based 
on  the  assumption  that  Hg  vacancies  act  as  acceptors  and  Hg 
interstitials  act  as  donors.  Change  in  conduction  type  has 
been  observed  when  the  growth  occurs  in  the  ( 1 1 1  )B  orien¬ 
tation.  In  the  ( 100)  orientation,  in  spite  of  a  much  higher  Hg 
flux  requirement,  which  means  that  a  higher  tendency  for 
Hg  vacancy  formation  is  expected,  the  MCT  layers  exhibit  n- 
type  conduction  for  a  substrate  temperature  less  than  200  *C. 
This  happens  even  in  the  low  Hg  flux  limit  where  polycrys- 
talline  growth  begins  to  occur. 

Hg  vacancies  and  Hg  interstitials  are  considered,  re¬ 
spectively,  to  be  the  sources  of  p-  and  n-type  doping  in  the 
(111  )B  orientation.  Actually,  p-type  character  was  more  of¬ 
ten  observed  in  this  orientation.  This  is  probably  because  the 
weak  bonding  between  Te  and  Hg  in  MCT  makes  the  forma¬ 
tion  of  Hg  vacancies  easier  than  that  of  interstitials.  Recent¬ 
ly,  Boukerche  et  al.1  have  suggested  a  different  model  in 
which  the  p-type  character  for  the  (111 )  2?  orientation  is  con¬ 
sidered  due  to  some  excess  Te  dissolving  in  the  layers  inter¬ 
stitially. 

Faurie  has  suggested  that  the  n-type  character  observed 
for  the  ( 100)  orientation  is  probably  due  to  substitutional  Te 
on  the  metal  site.1  Since  this  Te  antisite  model  has  been  pro¬ 
posed,  there  has  been  neither  direct  nor  indirect  experimen¬ 
tal  results  which  could  strongly  support  it  so  far. 

Modern  solid-state  devices  have  had  their  most  dramat¬ 
ic  and  extensive  applications  through  doping  by  foreign  im¬ 
purities  into  the  host  semiconductor  materials.  In  a  previous 
letter4  we  have  reported  the  electrical  characterization  and 
secondary-ion  mass  spectroscopy  (SIMS)  measurements  on 
In-doped  MCT  grown  by  MBE  in  the  ( 111)B  orientation. 
The  indium  impurity  was  detected  fully  ionized.  Its  doping 
efficiency  strongly  depended  on  the  indium  atomic  concen¬ 
tration  when  the  concentration  was  above  1 X  10>s  cm-1. 
Hall  and  SIMS  data  could  be  very  well  fitted  with  a  model 
assuming  that  part  of  the  indium  concentration  precipitates 
in  the  form  of  InjTej  (neutral  molecular  complexes),  the 


rest  of  it  being  singly  ionized  (probably  filling  the  metal  va¬ 
cancy  sites ) .  These  results  agree  with  Vydyanath’s  model  for 
In  diffusion  in  bulk  materials.1  In  the  previous  study  a  fixed 
concentration  of  compensating  acceptors  in  the  low  10'7 
cm-1  range  was  also  assumed. 

The  same  model  has  been  used  to  fit  In-doped  (111)2) 
layers  recently  grown  in  our  laboratory.6  The  fitting  gives  a 
value  around  1 X 1016  cm-1  for  the  compensating  acceptor 
concentration  NA .  The  precise  value  of  NA  cannot  be  deter¬ 
mined  unless  more  experimental  data  become  available.  It  is 
worthy  to  note  that  this  new  value  of  NA  is  much  lower  than 
that  reported  earlier  (3x  1017  cm-1),4  which  indicates  that 
a  much  lower  compensation  level  has  been  achieved.  This  is 
attributed  to  recent  improvements  in  the  growth  by  MBE  of 
HgCdTe  related  to  a  very  precise  control  of  the  substrate 
temperature  and  fluxes  during  the  growth.7 

The  purpose  of  this  work  is  to  study  the  incorporatsoo  of 
indium  in  MCT  grown  in  the  ( 100)  orientation  by  MBE  As 
in  the  (111)2)  case,  we  expect  that  this  study  will  give  us 
further  information  about  the  intrinsic  doping  properties  of 
MBE-grown  MCT  in  the  ( 100)  orientation. 

A  Riber  2300  MBE  machine  modified  to  handk  Hg  was 
used  for  the  crystal  growth.  AO  the  layers  were  grows  os 
CdTe  ( 100)  substrates.  Before  growth  each  CdTe  wbatrste 
was  cleaned  in  organic  solvents,  chemically  etched  m  a  Br,- 
methanol  solution,  and  finally  rinsed  in  methanol  and  load¬ 
ed  in  the  growth  chamber.  A  brief  thermal  cleaning  was  per¬ 
formed  in  situ  at  about  300*C  prior  to  the  growth.  The 
growth  of  In-doped  crystals  requires  four  effinaon  cede  cos¬ 
taining  mercury,  tellurium,  cadmium  tell  unde,  and  tndritaa. 
respectively.  Aside  from  the  much  higher  Hg  flux  used,  the 
fabrication  of  In-doped  ( 100)  MCT  is  similar  »  that  de¬ 
scribed  for  the  ( 1 1 1  )B  orientation.4  The  growth  ooadmoaa 
were  controlled  such  as  to  require  only  the  ntiainm 
amount  of  Hg  for  single-crystal  formation.  The  growth  tem¬ 
perature  was  controlled  through  an  infrared  pyrometer  and 
in  situ  quality  monitoring  was  achieved  through  reflected 
high-energy  electron  diffraction  (RHEED).  The  mhserate 

temperature  was  kept  at  190  *C  for  aU  the  Uyera.  By  varying 
the  In  cell  temperature,  different  doping  concentrations 
were  obtained. 

Table  I  lists  the  transport  properties  of  the  layen  which 
have  been  studied  by  Hall  measurements.  Sample  No.  150  » 
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TABLE  I.  Hail  and  SIMS  dau  of  In-doped  MCT  layers  grown  by  MBE  !  Hail  data  were  at  23  K.  except  for  sample  836,  which  was  at  T  =  '0  K 


Sample 

Orientation 

Cd  composition 

(%) 

Hall  mobility 

(  x  lO'cm;  V*'  »-') 

Carrier  concentration 

( x  lO14  cm'1) 

(<V0  -iV.) 

•V:, 

( x  10”  cm’) 

836 

(100) 

20.5 

110 

8.8 

875 

(100) 

23.0 

70 

43 

2.5 

876 

(100) 

25.0 

3.7 

110 

4.2 

839 

(100) 

24.5 

48 

290 

12 

860 

(100) 

26.5 

33 

550 

23 

861 

(100) 

25.5 

41 

1000 

41 

863 

(100) 

33.0 

16 

2100 

78 

714 

(Ul)B 

24.0 

31 

200 

23 

715 

(111)4 

26.5 

18 

290 

32 

697 

(111)4 

27.5 

14 

1000 

110 

716 

(111)4 

26.5 

21 

1400 

170 

705 

(111)4 

20.3 

28 

2400 

270 

an  undoped  MCT  layer  grown  just  prior  to  the  In-doped 
layers.  The  fact  that  the  electron  mobility  of  this  layer 
reaches  1 . 1  x  10s  cm2  V  ~ 1  s  “ 1  at  70  K  demonstrates  that  the 
growth  conditions  used  for  this  work  were  well  controlled 
and  thereby  achieved  good  electrical  quality.  The  meaning 
of  the  electron  carrier  concentration  listed  in  Table  I  will  be 
discussed  in  the  following  paragraph.  For  comparison,  in 
Table  I  we  also  give  the  data  of  recently  grown  In-doped 
(111).0  layers. 

SIMS  measurements  were  conducted  using  a  Riber  MQ 
1 36  ion  microprobe  system.  A  10  keV  oxygen  primary  beam 
was  focused  on  the  target  at  XT  off  the  surface  normal.  A 
10%  beam  blanking  was  used  to  exclude  ions  originating 
from  the  sloping  sides  of  the  sputtered  crater.  Sputtering 
rates  were  around  2  nm/s.  The  secondary-ion  spectrum  of 
1  l5In  was  normalized  to  the  l3°Te  matrix  ion.  An  In-implant* 
ed  layer  with  known  In  atomic  concentration  was  used  as  a 
reference  sample.  In  order  to  have  a  meaningful  comparison 
between  the  different  growth  orientations,  we  performed 
SIMS  on  some  of  the  recently  grown  In-doped  ( 1 1 1 )  B  MCT 
layers  along  with  the  newly  grown  ( 100)  layers  under  the 
same  experimental  conditions,  calibrating  with  the  same  im¬ 
planted  reference  sample.  The  In  atomic  concentrations  of 
these  layers  measured  by  SIMS  are  also  listed  in  Table  I  as 

From  inspection  ofTable  I,  the  moat  remarkable  point  is 
that  the  In  atomic  concentrations  measured  by  SIMS  are  less 
than  half  of  the  electron  carrier  concentrations  derived  from 
the  Hall  measurements  in  the  ( 100)  case.  If  we  compare  two 
layers  having  the  same  In  content  but  grown  in  different 
directions  (Nos.  860  and  714)  we  can  see  that  the  doping 
level  in  the  ( 100)  direction  is  2.73  times  higher  than  in  the 
(111)11  direction.  The  fact  that  the  consistent  factor  of  2-3 
difference  is  much  larger  than  the  total  error  (within 
±40%)  estimated  for  such  a  comparison  implies  that  it  is  a 
real  physical  effect 

Upon  examination  of  the  SIMS  profiles,  no  systematic 
difference  on  the  sputtering  rates  sad  Te  intensities  was  de¬ 
tected  between  the  two  orients  twos.  We  have  also  grown 
two  layers  on  a  CdTe  ( 1 1 1  )ff  snd  s  CdTe(  100)  substrate, 
respectively,  using  the  same  indium  cell  temperature.  SIMS 
measurements  on  these  two  layers  gave  basically  the  same 
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indium  atomic  concentrations.  (The  difference  is  less  than 
10%. )  The  above  observations  rule  out  the  probability  that 
the  SIMS  measurement  on  these  two  orientations  have  a  sig¬ 
nificant  orientation  dependence. 

The  behavior  described  above  undoubtedly  indicates 
that  the  indium  in  ( 100)  MCT  is  at  least  doubly  ionized. 
This  experimental  observation  suggests  that  indium  might 
be  incorporated  interstitially  in  MCT  crystals.  Regarding 
the  n-type  behavior  of  MCT  in  the  ( 100)  orientation  as 
pointed  out  before,  we  suggest  the  following  model.  We  be¬ 
lieve  that  Te  atoms  are  filling  enough  metal  vacancies  to 
convert  the  MBE  epilayer  to  n  type.  These  antisite  Te  atoms 
are  actually  acting  as  donors,  which  explains  the  /i-type  be¬ 
havior.  Under  this  circumstance,  the  additional  incoming  In 
atoms  have  to  take  the  interstitial  sites.  The  smaller  surface 
atomic  density  in  the  ( 100)  direction,  as  compared  to  that  in 
the  ( 1 1 1  )B  direction,  may  enhance  this  trend.  Since  the  dis¬ 
tance  between  an  interstitial  atom  and  the  neighboring  lat¬ 
tice  sites  is  shorter  than  that  between  a  substitutional  atom 
and  the  neighboring  lattice  sites,  we  should  expect  that  the 
screening  effect  due  to  the  electron  clouds  of  neighboring 
lattice  atoms  is  stronger  for  an  interstitial  atom.1  The  rela¬ 
tively  weaker  binding  energy  in  the  interstitial  sites  does  al¬ 
low  the  In  atoms  to  be  at  least  doubly  ionized.  Consequently, 
the  electron  carrier  concentrations  listed  in  Table  I  arc 
greater  than  2Af,.. 

Another  interesting  point  can  be  noted  from  further  in¬ 
spection  ofTable  I.  The  electron  Hall  mobilities  of  the  In- 
doped  ( 100)  layers  are  slightly  higher  than  those  of  the 
(lll)ff  layers,  even  though  higher  than  singly  ionized  scat¬ 
tering  centers  should  be  expected  in  the  former  case.  We 
believe  that  this  discrepancy  is  mainly  due  to  the  scattering 
by  twin  defects  which  are  often  observed  during  the  growth 
along  the  (lll)ff  direction. 

A  typical  SIMS  profile  of  an  In-doped  ( 100)  MCT  layer 
grown  by  MBE  is  shown  in  Fig.  1.  The  MCT :  In/CT  inter¬ 
face  is  visible.  The  In  transition  at  the  interface  is  as  sharp  as 
those  of  Cd  and  Hg.  A  slight  accumulation  of  indium  atoms 
at  the  interface  is  also  visible,  which  is  not  observed  in  the 
layers  grown  in  the  ( 111)4  orientation  (see  Fig.  2).  We 
speculate  that  this  character  is  somehow  related  to  the  inter¬ 
stitial  mechanism  of  indium  incorporation  in  MCT  grown  in 
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FIG.  1.  SIMS  profile  of  an  In-doped  ( 100)  MCT  grown  by  MBE 


the  ( 100)  orientation.  Indium  diffusion  experiments  are  cur¬ 
rently  under  way.  The  preliminary  results  confirm  that  indi¬ 
um  is  incorporated  differently  in  the  ( 1 1 1  )B  and  ( 100)  ori¬ 
entations.  We  expect  that  further  information  about  the 
orientation  dependence  of  indium  incorporation  will  be 
available  through  this  study. 

In  conclusion,  indium  has  been  incorporated  as  a  donor 
during  MBE  growth  of  MCT  in  the  ( 100)  orientation.  As 
compared  to  the  ( 1 1 1  )B  orientation.  Hall  and  SIMS  mea¬ 
surements  have  shown  that  indium  in  the  ( 100)  MCT  layer 
is  at  least  doubly  ionized.  This  is  true  at  least  for  Nln  below 
1  x  10n  cm"1.  We  believe  that  most  of  the  In  atoms  are 
triply  ionized  and  incorporated  interstitially  in  MCT.  The 
other  In  atoms  could  be  singly  ionized  in  substitution  on  the 
metal  site  vacancies  not  already  filled  by  the  Te  atoms  like  in 
the  ( 1 1 1  )B  direction.  Such  an  incorporation  mechanism  of 
indium  supports  a  Te  antisite  model  for  explaining  the  favor¬ 
able  /i-type  behavior  on  ( 100)  MCT  grown  by  MBE.  It  also 
agrees  with  the  growth  in  the  ( 100)  direction  occurring  un¬ 
der  Te-rich  conditions  like  in  the  ( 1 1 1  )B  direction.2  These 
results  imply  that  foreign  dopants,  in  general,  should  be  in¬ 
corporated  interstitially  at  least  to  some  significant  extent  in 
the  ( 100)  orientation.  We  think  that  interstitial  doping  by 
MBE  in  the  ( 100)  orientation  might  present  tenons  limita¬ 
tion  for  its  future  electronic  applications.  These  results  are 
extremely  important  for  the  fabrication  of  MCT  devices  in¬ 
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FIG.  2.  SIMS  profile  of  an  In-doped  (111)5  MCT  grown  by  MBE 


volving  doping  application  in  general,  since  it  indicates  that 
the  orientation  might  play  a  very  important  role. 
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Ill— 2— 2  P-TYPE  DOPING 

III— 2— 2—1  GROUP  I  ELEMENT:  LITHIUM 

Hg  vacancies  are  easily  formed  in  HgCdTe,  therefore  a  Group  I  Element  which 
should  be  a  substitute  to  Hg  should  be  appropriate  as  a  p-type  dopant.  Lithium 
has  been  incorporated  in  MOT  layers  during  MBE  growth.  We  have  demonstrated 
that  Li  behaves  as  a  p-type  dopant  in  MBE  grown  Hg^CdxTeOOO).  This  represents 
the  first  successful  attempt  to  incorporated  electrically  active  acceptors  during 
MBE  growth.  These  Li-doped  MOT  layers  have  been  estimated  to  have  very 
shallow  acceptor  levels.  The  calculated  activation  energy  was  8.3meV.  Using  Li 
as  a  p-type  dopant,  carrier  concentrations  up  to  8  x  1018cm-3  have  been  achieved. 
At  low  doping  levels,  layers  show  compensation  due  to  the  residual  donors  from 
stoichiometry  deviation.  The  doping  level  in  the  samples  can  be  controlled  by 
varying  the  Li  cell  temperature  An  incorporation  coefficient  of  1  and  almost 
100%  electrical  efficiency  for  Li  in  MBE  grown  MCT  layers  were  observed. 

In  order  to  investigate  the  diffusivity  of  Li,  a  sample  consisting  of  a  nondoped 
MCT  layer  (0.93pm  thick)  on  top  of  a  Li-doped  MCT  layer  (0.93pm  thick)  has  been 
grown.  From  the  SIMS  profile  of  this  sample,  Li  can  be  seen  in  the  undoped 
layer  in  amounts  comparable  to  that  in  the  intentionally  doped  one.  This  indicates 
that  Li  is  highly  mobile  in  MCT  layers  grown  by  MBE.  At  this  point,  we  have  no 
evidence  from  SIMS  data  that  Li  is  diffusing  In  CdTe  buffer  layer  and  substrate. 

In  addition,  some  layers  tested  by  Hall  several  months  after  growth  appeared 
to  have  been  n-type  converted  which  confirms  the  high  diffusivity  of  Li  even  at 
room  temperature.  This  obviously  comprises  any  electron!  device  application. 
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p- type  doping  of  HgCdTe(  100)  layers  with  lithium  during  growth  by  molecular  beam  epitaxy 
is  reported.  Hall  measurements  have  been  performed  on  these  layers  between  300  and  30  K. 

The  Li  concentration  is  found  to  increase  with  the  Li  cell  temperature.  Li-doped  HgCdTe 
layers  are  estimated  to  have  very  shallow  acceptor  levels.  Acceptor  concentrations  as  high  as 
8  x  10'*  cm " 3  have  been  achieved.  At  low  doping  levels,  due  to  residual  donors,  layers  show 
compensation.  Incorporation  coefficient  of  Li  close  to  1  and  almost  100%  electrical  efficiency 
for  Li  in  molecular  beam  epitaxy  HgCdTe  layers  were  observed.  However,  Li  is  found  to 
diffuse  rapidly  in  HgCdTe  layers  grown  by  molecular  beam  epitaxy. 


Over  the  past  ten  years  Hg,  .^Cd^TefMCT)  has 
emerged  as  an  important  material  for  infrared  ( IR )  detector 
technology.  MCT  was  grown  by  molecular  beam  epitaxy 
(MBE)  on  CdTe  substrates  for  the  first  time  in  1981.'  Since 
then,  this  technique  has  produced  MCT  layers  of  either  n  or 
p  type  and  of  a  quality  comparable  to  the  layers  grown  by 
other  techniques.  However,  very  little  information  exists  on 
the  incorporation  of  foreign  elements  in  MBE  grown  epitax¬ 
ial  layers.  Recently,  successful  n-type  doping  of  MCT  layers 
with  indium  during  growth  by  MBE  was  reported.2  Carrier 
concentrations  of  two  orders  of  magnitude  more  than  what 
can  be  achieved  by  stoichiometry  deviation  have  been 
reached  for  MBE  layers  grown  in  the  ( 1 1 1  )B  orientation. 
Antimony  and  arsenic  (group  V  elements)  act  asp-type  do¬ 
pants  in  MCT  using  other  growth  techniques2  such  as  liquid 
phase  epitaxy.  But  in  the  case  of  MBE  grown  MCT  layers, 
both  Sb  and  As  behave  as  a-type  dopants.4  In  the  case  of 
( 100)  orientation  only  n-type  MCT  with  doping  levels  rang¬ 
ing  from  10IS  to  mid-101*  cm"3  can  easily  be  produced  by 
stoichiometry  deviation  for  x  <  0.35.  p- type  ( 100)  is  difficult 
to  achieve  for  x  <  0.24. 5  Therefore,  in  order  to  obtain  p- type 
MCT  layers  in  the  ( 100)  orientation,  incorporation  of  for¬ 
eign  elements  in  group  I  was  studied.  Li  behaves  as  a  p- type 
dopant,  as  expected.  Here,  we  report  results  on  Li,  the  first 
impurity  successfully  incorporated  as  an  electrically  active 
acceptor  in  MBE  grown  MCT  layers.4  In  this  letter,  we  pres¬ 
ent  electrical  properties  of  lithium-doped  MCT  (100)  MBE 
layers  studied  by  variable  temperature  Hall  measurements. 

MCT  layers  were  grown  in  a  Riber  2300  MBE  machine 
which  is  designed  to  handle  mercury.  MCT  layers  were 
grown  on  2-3  pm  thick  CdTe  buffer  layers  which  were  de¬ 
posited  on  GaAs(  100.)  substrates.  The  growth  wu  moni¬ 
tored  by  reflection  high-energy  electron  diffraction 
(RHEED).  The  growth  rate  wu  4-3  A/s.  Li  wu  provided 
by  a  separated  effusion  cell  loaded  with  pure  Li.  Since  it  is  a 
very  reactive  material,  great  care  hu  been  taken  when  load¬ 
ing  it  into  the  growth  chamber.  This  wu  done  in  an  inert 
atmosphere.  The  Li  cell  temperature  range  wu  203-280  *C. 
The  Cd  composition  in  the  MCT  layers  wu  determined  at 
room  temperature  by  infrared  transmission  meuurements 
and  by  energy  dispersive  spectroscopy  measurements.  The 


secondary  ion  man  spectroscopy  (SIMS)  technique  wu 
used  to  obtain  the  concentration  profile  of  Li  atoms  through 
the  layers.  Since  we  did  not  have  a  standard  sample  contain¬ 
ing  Li,  we  were  not  able  to  relate  the  number  of  counts  from 
the  SIMS  to  the  actual  Li  concentration.  Therefore,  all  SIMS 
data  are  given  in  arbitrary  units,  but  a  relative  comparison  is 
significant.  The  earner  concentration  and  the  Hall  mobility 
in  the  layers  were  evaluated  by  the  Van  der  Pauw  technique* 
between  room  temperature  and  30  It.  A  AuCl,  solution  wu 
used  to  form  ohmic  contacts,  and  the  ohmkity  of  the  con¬ 
tacts  wu  checked  systematically.  A  magnetic  field  strength 
of  2000  G  wu  used  for  the  HaB  measurements. 

Electrical  meuurements  of  the  Li-doped  MCT  layers  at 
40  K  are  summarized  in  Table  L  Figure  1  shows  the  vari¬ 
ation  of  the  carrier  concentration  (deduced  from  the  Hall 
coefficient)  versus  1000/r(K)  for  three  samples.  A  typical 
freeze-out  behavior  cannot  be  seen  for  the  larger  doping  lev¬ 
els.  This  happens  even  with  mid  10IT  doping  levels  and 
above.  Such  an  effect  hu  been  reported  previously  for  phos¬ 
phorus.7  Furthermore,  it  can  be  seen  from  the  figure  that  the 
mixed  conduction  n—p  transition  region  diminishes  when 
the  doping  level  increases.  For  the  higher  doping  levels,  the 
carrier  concentration  is  independent  of  temperature,  indi¬ 
cating  that  electrically  active  acceptors  are  completely  ion¬ 
ized.  The  total  amount  of  electrically  active  Li  concentration 
in  the  samples  wu  determined  from  the  low-temperature 
carrier  concentration  data. 

The  only  layer  ( sample  No.  1)  which  shows  the  freeze- 
out  behavior  hu  been  analyzed  numerically*  using  the 
charge  neutrality  equation: 

n  +  N'  -P  +  N;, 

where  n,  p,  jV/ ,  and  iV“  are  the  concentration  of  electrons, 
holes,  ionized  donors,  and  ionized  acceptors,  respectively. 
For  the  donors,  complete  ipuization  is  assumed  and  the  con¬ 
centration  of  ionized  acceptors  is  given  by 

jr-  Zl 

4  l+4Xexp  (*.-*/>’ 

where  x,  is  the  reduced  acceptor  level  with  respect  to  va¬ 
lence  band  and  7/  is  the  reduced  Fermi  level 


tames  etwiiwu  was 
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TABLE  I  Electrical  measurements  oi'lithium-uoped  MCT  it  40  K  samples  No  s  and  'so  *  represent  t-'^pc  MBE  jr  -un  MCT  «. 


Sample 

No. 

Thickness 

(M<n> 

Cd  composition 
<%> 

v,  -  .v, 

(  x  10“ cm-') 

Mobility  at  40  K 
(cm:/V  s) 

L.  .ell  temp 

C, 

1 

1.68 

25 

*0.84 

370 

205 

2 

1.38 

17 

*  52.00 

360 

:i9 

3 

2.16 

20 

*  200.00 

330 

245 

4 

2.18 

23 

*800.00 

330 

292 

5 

1  92 

21 

*  440.00 

340 

2’0 

6 

1  00 

20 

-  1.00 

3  Ox  I05 

7 

6.20 

19 

-  1.00 

2.4  x  10s 

From  the  Kane  model9  for  nonparabolic  bands, 

-  fjnll  3  V/2  f"  *  x{'2{x+xt)'n(2x  +  xt) 
Ir^KlP2)  Jo  1  +  exp(x  +xt  -  rjf) 

where  Fis  the  momentum  matrix  element  of  the  Kane  model 
and  xt  is  the  reduced  energy  gap.  For  the  band  gap  £, ,  an 
empirical  equation  is  used  from  Ref.  10.  Since  the  equilibri¬ 
um  concentration  of  light  hole  is  negligible,  p  is  the  heavy- 
hole  concentration.  Parabolic  band  with  Fermi-Dirac  statis¬ 
tics  is  assumed  for  the  heavy  holes.  Since  the  mixed 
conduction  dominates  at  high  temperature,  the  concentra¬ 
tion  is  deduced  from  the  following  equation: 

c.c.  =  (p  +  nb)2/(p  —  nb1), 

where  b  is  the  ratio  of  electron-to-hole  mobility  and  is  given 
by 

b~fi./nh  =rm?/m* 

where  m*  =  3  f^Et/*P2,  mi  =  0.63m,,1 1  and  P 
=  8x  10_*  eV  cm."  When  calculating,  S„,  Nd,  r,  and  E„ 
were  adjusted  to  give  the  best  fit  for  the  experimental  carrier 
concentration  data.  The  solid  line  in  Fig.  1  is  the  best  fit.  It 
was  obtained  with  Na  =  1.89x  10“cm-3,  =  1.05x10“ 

cm~\  r  =  0.24,  Ea  =  8.3  meV,  and  Cd  composition 
=  25.8%. 

Figure  2  shows  mobility  versus  doping  concentration  at 
40  K.  It  can  be  seen  that  the  hole  mobility  in  the  Li-doped 


samples  at  40  K  does  not  vary  drastically  with  the  hole  con¬ 
centration.  Doping  levels  as  high  as  8x  10“  cm"'  were 
achieved.  At  low  doping  levels,  experimental  results  indicate 
a  large  degree  of  compensation  in  the  layers,  since  along  the 
( 100)  growth  orientation,  only  n-type  MBE  grown 
MCT(  100)  layers  are  currently  achieved  by  stoichiometry 
adjustment  (see  Table  I).  This  large  degree  of  compensation 
accounts  for  the  limitation  of  the  hole  mobility  at  low  doping 
levels. 

Figure  3  shows  the  concentration  of  Li  atoms  in  the 
MCT  layers  calculated  from  the  incident  flux  and  from 
growth  rate  (assuming  unity  sticking  coefficient)  versus 
1000/T(K),  where  7" is  the  Li  cell  temperature.  The  earner 
concentration  (V,  —  Nd  (extracted  from  Hall  measure¬ 
ments)  and  the  SIMS  Li  counts  are  also  plotted  in  Fig.  3  By 
comparing  the  concentration  of  electncally  active  Li  atoms 
in  the  layers  from  Hall  measurements  and  the  concentration 
of  Li  atoms  incorporated  into  layers  calculated  from  the  inci¬ 
dent  flux,  it  can  be  seen  that  there  is  good  agreement  within 
the  experimental  error.  At  this  range  of  doping  levels.  .V, 
—  Nd  extracted  from  Hall  measurements  is  approximately 
equal  to  the  acceptor  concentration  Na ,  since  residual  donor 
concentration  is  of  the  order  of  10“  cm"1  Therefore,  this 
agreement  is  an  indication  that  almost  100%  of  the  Li  is 
electrically  efficient,  and  also  that  the  incorporation  of  Li  in 
MBE  grown  MCT  layers  is  close  to  1.  As  can  be  seen  from 
Fig.  3,  the  SIMS  data  fall  on  a  straight  line,  indicating  that 
the  number  of  Li  atoms  incorporated  into  the  samples  de- 


FIO.  I.  Hok concentration  as a  ftmetioe  of  1000/T( K )  for  lithium-doped 
MCT  layers  grown  by  MBE.  The  aoM  line  for  HHaple  No.  I  is  the  best  fh 
obtained  for  the  foflowiaj  parameters:  X,  «  I.Wx  I0'*cm  ~\.V,  -  1.03 
xl0'*cm*’. r-0.24.aadf,  - 13 meV 


Hots  Concentration  (cm"5) 

FIO.  2.  Experimental  hole  mobility  at  40  K  we  function  of  the  tat*  concen¬ 
tration  for  liihiiun-doped  MCT  leyen. 
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1000/TIK) 

FIO.  3.  Li  counts  (<))  obtained  by  SIMS  in  the  layers,  .V,  -  .V„  (cm'*) 
from  Hall  measurements  (C)  and  Li  concentration  (cm-’)  calculated 
from  the  incident  flux  (A)  vs  reciprocal  of  the  Li  cell  temperature. 


creases  exponentially  with  the  reciprocal  of  the  Li  cell  tem¬ 
perature.  Sample  No.  1,  which  has  the  lowest  Li  cell  tem¬ 
perature,  exhibits  a  large  discrepancy  between  Li 
concentration  as  calculated  from  the  incident  flux  and  as 
measured  from  Hall  measurements.  This  discrepancy  is  due 
to  the  compensation  in  the  layers  because  the  level  of  electri¬ 
cally  active  impurities  (Li)  is  not  much  larger  than  the  in¬ 
trinsic  donors. 

In  order  to  investigate  the  diffusivity  of  Li,  a  sample 
consisting  of  a  nondoped  MCT  layer  (0.93/rm  thick)  on  top 
of  a  Li-doped  MCT  layer  (0.93  pm  thick)  has  been  grown. 
From  the  SIMS  profile  of  this  sample,  Li  can  be  seen  in  the 
undoped  layer  in  amounts  comparable  to  that  in  the  inten¬ 
tionally  doped  one.  This  indicates  that  Li  is  highly  mobile  in 
MCT  layers  grown  by  MBE.  At  this  point,  we  have  no  evi¬ 
dence  from  SIMS  data  that  Li  is  diffusing  in  CdTe  buffer 
layer  and  substrate. 

In  conclusion,  we  have  demonstrated  that  Li  behaves  as 


i  p- type  dopant  in  MBE  grown  Hg,  _  tCd,  Te1  100  This 
represents  the  first  successful  attempt  to  incorporate  electri¬ 
cally  active  acceptors  during  MBE  growth.  These  Li-doped 
MCT  layers  have  been  estimated  to  have  very  shallow  accep¬ 
tor  levels  for  sample  No.  1,  which  showed  the  freeze-out. 
The  calculated  activation  energy  was  8.3  meV.  Using  Li  as  a 
p. type  dopant,  carrier  concentrations  up  to  8 x  10'*  cm'1 
have  been  achieved.  At  low  doping  levels,  layers  show  com¬ 
pensation  due  to  the  residual  donors  from  stoichiometry  de¬ 
viation.  The  doping  level  in  the  samples  can  be  controlled  by 
varying  the  Li  cell  temperature.  An  incorporation  coeffi¬ 
cient  of  1  and  almost  100%  electrical  efficiency  for  Li  in 
MBE  grown  MCT  layers  were  observed.  However,  the 
SIMS  profile  indicates  that  Li  is  highly  mobile  in  MCT  lay¬ 
ers.  This  represents  a  limitation  in  the  use  of  this  element, 
especially  for  abrupt  heterojunctions. 
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111-2-2-2  GROUP  V  ELEMENTS:  ARSENIC-ANTIMONY 

1.  As  doping:  Photo  assisted  MBE  growth 

It  has  been  previously  been  shown  that  under  regular  MBE  growth  conditions 
As  and  Sb  are  incorporated  as  donors  in  HgCdTe.  Exposure  to  a  U.V.  Xenon 
Lamp  of  ikW  increased  the  Nq-Na  level  when  As  was  used. 

However,  report  it  was  not  concluded  that  As  or  Sb  cannot  be  incorporated 
as  p-type  dopants  in  MBE  grown  layers.  But  it  was  clear  that  it  was  not  a  problem 
easy  to  solve.  In  order  to  find  out  the  proper  conditions  to  incorporate,  if  possible, 
the  As  in  the  p-type  site  a  Nd-YAG  pulsed  laser  operating  at  0.523pm  was  used 
during  the  growth  process. 

Numerous  experiments  were  carried  out.  For  the  sake  of  clarity  only  some  of 
them  are  reported  in  Table  I. 

TABLE  I 

Photo  assisted  MBE  growth 
Nd:  YAG  LASER  -  Green  light 
Growth  Temperature 

Sample  x  t(pm)  Growth  rate  cc(cm-3)  Laser  TAs 

layer  HgTe  CdTe  power 

mw/cm2 


CZT48HCT659 

.245 

2.57 

7.14 

5.39 

1.75 

n-9.10x10" 

160 

150 

CZT49HCT660 

.240 

2.58 

7.17 

5.45 

1.72 

n-2.80x10" 

0 

150 

CZT50HCT661 

.300 

2.18 

6.06 

4.25 

1.81 

n-1.12x10" 

500 

175 

CZT52HCT663 

.230 

— 

— 

— 

— 

0-3.50x10" 

0 

175 

CZT51HCT662 

.280 

2.25 

6.25 

4.50 

1.75 

n-2.65x10" 

500 

150 

CT277HCT685 

.280 

2.94 

6.53  4.84 

1.69 

n-1.22xl0" 

0 

125 

CZT69HCT686 

.270 

3.02 

8.71 

4.90 

1.81 

n-1.45x10" 

25 

125 

CT278HCT687 

.265 

3.02 

8.71 

4.92 

1.79 

n-7.24x10" 

50 

125 

From  Table  1 

it  is 

clear 

that  with 

or  without  the  laser  light  during  MBE  growth 

As  behave  as  a 

donor  in 

HgCdTe  1 

layers.  In 

fact,  with  the  laser 

It  has 

been 

observed  a  decrease  of  the  Hg  sticking  coefficient.  At  low  power  the  Hg  vacancy 


density  increases,  which  enhances  the  p-type  character.  At  high  power,  not  only 
the  stoichiometry  but  also  the  composition  x  changes.  In  the  presence  of  arsenic 
during  growth  the  n-type  character  observed  without  light  in  the  (111)B  orientation 
is  in  fact  enhanced  because  more  Hg  vacancies  are  available  for  As  atoms. 

These  experiments,  however,  cannot  completely  rule  out  the  possibility  of 
incorporating  As  in  the  right  site.  A  lower  growth  temperature,  a  higher  Hg  flux, 
a  different  crystallographic  orientation  or  a  different  laser  (cw  for  example)  have 
to  be  investigated  before  making  any  definite  conclusion. 

From  the  work  achieved  in  the  Microphysics  Laboratory  and  In  other  institutions 
it  appears  that  p-type  doping  is  not  yet  under  control  in  MBE  grown  MCT  layers. 
Isothermal  annealings  at  temperatures  beteen  200  and  350°C  also  kept  the  samples 
n-type  showing  that  the  doping  mechanism  was  stable. 


IV  HOMOJUNCTIONS  AND  HETEROJUNCTIONS  GROWN  IN  SITU 


IV-1  HETEROJUNCTIONS 

Isotype  n-N  abrupt  heterojunctions  where  grown  in  situ  by  MBE  on  CdTe(- 

iil)//GaAs(lOO)  combination  substrates.  The  first  devices  tested  had  x  =  .18  on 
the  bottom  and  x  =  .26  on  the  top.  All  the  electrical  and  optical  characteriza¬ 

tions  were  consistent  with  the  presence  of  narrow  and  strong  composition  burst 
right  at  the  interface.  The  R0A  was  limited  by  the  wide-gap  side  (see  attached 
publication  #1 

The  later  devices  grown  with  care  to  avoid  the  problem  had  drastically  different 
behavior.  The  compositions  where  slightly  higher  on  both  sides:  x  =  .22  for  the 
bottom  and  .28  for  the  top.  Strong  rectification  was  seen  with  quality  factors 

varying  from  2  at  high  temperatures  to  2.5  at  80K  .  The  forward  bias  occurred 
when  the  top  material  was  biased  negatively.  One  device  had  an  R0A  as  high  as 
10*  Qcma  at  80K,  but  this  value  was  only  seen  once.  In  the  average  it  typically 
reaches  10*  at  80K.  The  activation  energy  of  ls/Ta  varies  from  .1eV  at  high 
temperature  to  06eV  at  80K.  the  spectral  response  shows  a  maximum  at  8pm 
wavelength,  without  sharp  peak  at  short  wavelength  as  before.  The  capacitance 
measurements  are  unreliable  since  the  top  material  thickness  was  as  small  as  5pm, 
and  the  top  contact  is  suspected  to  have  a  smaller  area  than  expected.  A  low 
current  density  lO~aA/cma  can  blow  the  devices  opened.  These  measurements  are 
consistent  with  a  Schottky  type  behavior  at  the  heterojunction,  most  of  the 

depletion  occurring  in  the  wide  bandgap  material,  which  is  limiting  the  R0A. 
Thermionic  emission  is  not  the  only  process  involved  in  the  transport  since  the 
quality  factor  is  higher  than  2.  This  renders  the  barrier  height  determination 
unreliable,  even  if  it  seems  consistent  with  the  expected  bandgap  difference 
between  the  two  sides. 

Unfortunately,  the  device  performed  like  a  metal  semiconductor  Schottky 
diode  where  the  metal  would  be  the  degenerate  narrow-bandgap  material.  A  low 
quantum  efficiency  is  expected  from  such  a  device. 
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Electrical  characterizations  of  the  first  n-S  HgCdTe  heterojunctions  grown  in  situ  by  molecular- 
beam  epitaxy  are  reported.  The  cadmium  concentrations  of  the  two  materials  are  0.18  for  the 
bottom  layer  and  0.26  for  the  top.  The  measurements  by  Hall,  IV,  CV,  and  spectral  responsivity 
are  consistent  with  the  existence  of  a  conduction-band  barrier  at  the  interface  behaving  as  an 
insulator  at  low  temperature.  We  suggest  that  transient  effusion  cell  fluxes  occurring  during 
shutter  sequencing  created  such  barriers  at  the  heterojunction  interfaces  during  the  growth.  The 
high  R<y4  (  600  fix  cm2)  measured  suggests  that  this  effect  might  be  of  interest  for  future 
heterojunction  gate  field-effect  transistor  investigations. 


I.  INTRODUCTION 

The  Hg,  _,Cd„Te  (MCT)  ternary  alloy  is  currently  the 
most  important  material  for  infrared  applications  in  the 
8—12  /sm  wavelength  range.  It  is  also  used  for  the  3-5  fim 
window  and  considered  for  the  optoelectronic  range.  This 
material  can  be  grown  for  any  cadmium  composition  x 
between  0  and  1,  and  can  then  be  considered  as  a  solid  solu¬ 
tion.  The  corresponding  forbidden  energy  gap  can  be  varied 
continuously  between  —0.22  and  1.6  eV  at  80  K.  These 
unique  properties  plus  the  fact  that  the  lattice  mismatch 
between  the  extreme  compositions  is  only  0.3%  make  this 
ternary  semiconductor  material  very  attractive  for  hetero¬ 
junction  investigations.  The  main  motivation  for  such  stud¬ 
ies  is  to  improve  existing  detector  performances  by  tailoring 
wavelength  response,  decreasing  parasitic  currents,  and  in¬ 
creasing  minority-carrier  collection  efficiencies. 

LoVecchio  et  at.1  studied  the  case  of  back-to-back  MCT 
(x  =  0.2  )/CdTe  heterojunctions.  They  concluded  that  a  va¬ 
lence-band  barrier  was  present  in  the  devices,  n/p  MCT 
heterojunction  photovoltaic  devices  were  demonstrated  by 
Bratt.2  In  certain  cases,  barrier  formation  was  also  reported. 

Both  groups  used  the  liquid  phase  epitaxy  (LPE)  growth 
technique  and  reported  substantial  grading  and/or  diffusion 
at  the  interfaces.  Vydyanath  tt  al?  showed  that  such  effects 
could  actually  be  profitable  since  they  presented  exceptional 
LPE  grown  MCT  heterojunction  detector  performances. 

The  possibility  of  including  semimetallic,  semiconduct¬ 
ing,  and  semi-insulating  materials  within  the  same  mono- 
crystal  could  lead  to  important  technological  applications. 
The  abrupt  heterojunctions  between  these  materials  have  to 
be  further  studied. 

Kuech  and  McCaldin4  reported  characterizations  of 
HgTe  layers  grown  by  the  metalorganic  chemical  vapor  de¬ 
position  technique  at  325-350  *C  on  n-type  CdTe.  A 
Schottky  barrier  behavior  was  seen,  with  a  maximum  barrier 
height  of  0.92  eV. 

The  validity  of  the  common  anion  rule  for  the 
HgTe/CdTe  system  has  been  questioned  recently.9  The  re¬ 
ported  values  of  the  valence-band  offset  vary  from  40  meV 
(Ref.  6)  to  350  meV7*  depending  on  the  technique  used. 
The  above  workers4  mention  that  inversion  in  the  CdTe  lay¬ 


er  could  explain  their  low  barrier  height  value.  We  suggest 
that  interdiffusion  effects  might  have  played  an  important 
role.  In  any  case,  most  of  the  band-gap  difference  should 
appear  in  the  conduction-band  discontinuity. 

The  molecular-beam  epitaxy  ( MBE)  technique  is  now  re¬ 
cognized  as  a  possible  choice  for  the  growth  of  MCT  on 
CdTe  and  GaAs.410  Its  low  growth  temperature  ( 190  *C) 
minimizes  the  interdiffusion  effects  and  allows  abrupt  inter¬ 
faces  to  be  produced  in  thin  epitaxial  layers  like  superlat¬ 
tices.  Several  abrupt  n-isotype  heterojunctions  between  two 
narrow-band-gap  compositions  were  grown  for  the  first  time 
in  order  to  observe  the  transport  properties  of  the  electrons 
through  the  expected  conduction-band  discontinuity  on  the 
wide-band-gap  side.  We  present  here  the  characterization  of 
mesa  devices  fabricated  from  these  first  samples. 

II.  EXPERIMENTAL 

The  junctions  were  grown  on  CdTe(  1 1 1  )//GaAs(  100) 
substrates  with  a  Riber  2300  system  modified  to  handle  mer¬ 
cury.  Both  sides  of  the  junction  were  doped  n  type  with  indi¬ 
um  as  previously  described."  The  narrow-gap  side  was  first 
made  with  a  thickness  of  2  to  3  fsm  before  the  growth  condi¬ 
tions  were  abruptly  changed  to  produce  the  wide-gap  mate¬ 
rial  up  to  a  thickness  of  1.0  ^m.  The  substrate  temperature 
was  kept  at  190  *C  all  along  the  growth.  The  composition  of 
the  narrow  gap  was  determined  by  infrared  transmission 
measurements  at  room  temperature.  Its  doping  level  4x10“ 
cm-1  was  deduced  from  the  Hall  measurements  neglecting 
the  contribution  of  the  wide-gap  side  This  was  relevant  since 
the  doping  level  was  intentionally  lowered  during  the 
growth  of  the  x  =  0.26  material  The  composition  and  dop¬ 
ing  ( -5  X  10‘5  cm  “ J )  of  the  top  layer  was  estimated  from 
the  growth  conditions  on  separate  runs.  To  check  the  doping 
level,  metal- insula  tor-semiconductor  (MIS)  structures 
were  fabricated  with  gold  and  zinc  sulfide  on  a  different 
piece  of  the  sample.  The  high-frequency  capacitance  versus 
voltage  curves  were  measured  at  80  K  and  100  kHz  with  ?n 
LCR  4275  from  Hewlett-Packard.  The  classical  MIS  calcu¬ 
lation12  was  used  to  deduce  the  impurity  level  from  the  mini¬ 
mum  to  maximum  capacitance  ratio,  where  the  minimum 
capacitance  was  using  the  approximation  of  Ref. 
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Fig.  1.  Structure  of  the  devices. 
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Fig.  3.  Semilog  plot  of  the  I /V  curves  when  the  top  maienal  is  biased 
negatively. 


19.  The  doping  level  deduced  was  within  a  factor  of  2  from 
the  "rowth  estimated  value.  The  devices  were  made  by  stan¬ 
dard  photolithographic  techniques  and  mesa  etching.  The 
metal  was  evaporated  over  the  zinc  sulfide  passivation 
opened  for  contacts.  Their  structure  can  be  seen  in  Fig.  1. 
The  geometry  is  circular  to  minimize  edge  leakage  but  is 
obviously  not  optimized  for  detection  applications.  The 
junction  area  is  7x  10" 4  cm2.  More  than  150  dots  were 
tested  from  300  down  to  80  K.  with  a  microprobe  station 
from  MMR  Technologies,  Inc.  The  probe  connected  to  the 
top  contact  was  positioned  on  the  metal  part  overlapping  the 
zinc  sulfide  to  avoid  piezoelectric  effects.  The  current  versus 
voltage  measurements  were  made  with  an  electrometer/vol¬ 
tage  source  model  617  from  Keithley,  modified  to  generate 
5-raV  steps.  All  the  data  acquisition  was  computerized. 

III.  RESULTS 

The  current  versus  voltage  curves  measured  can  be  seen  in 
Fig.  2.  They  are  representative  of  the  average  of  the  devices 
measured.  Very  weak  forward  rectification  occurs  when  the 
top  wide-band-gap  material  is  biased  negatively.  They  could 


be  simply  described  as  showing  double  soft  reverse  break¬ 
down  at  low  temperature.  The  current  is  proportional  to  the 
voltage  at  low  bias,  and  tends  to  a  power  of  the  voltage  law 
(2-3)  above  50-100  mV.  A  semilogarithmic  plot  of  these 
curves  is  shown  in  Fig.  3  for  the  forward  bias  case.  Notice 
that  their  slopes  are  nearly  independent  of  temperature.  The 
R  0A  values  could  reach  600  fl  cm2  at  80  K  on  several  de¬ 
vices,  showing  that  the  active  part  of  the  device  is  on  the 
wide-band-gap  side.  Its  variation  as  a  function  of  1/Tcan  be 
seen  in  Fig.  4  in  reverse  bias.  At  high-temperature  it  follows 
an  exponential  law  in  a  limited  range  only,  and  tends  to  satu¬ 
rate  at  low  temperature.  The  corresponding  high-tempera¬ 
ture  activation  energies  are  systematically  higher  in  reverse 
bias  (  — 105  meV)  than  in  forward  bias  ( —  80  meV)  The 
I /V  curves  were  fitted  by  the  least-square  method  to  the 
equation 

/  =  /,{exp[(K— /Rf)/K0]  -1},  (l) 

where  /  is  the  current  density,  /,  the  saturated  current  den- 
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Fig.  2.  Current/voltage  curve*  vt  temperature.  Positive  volute*  corre¬ 
spond  to  negative  bia*  on  the  top  material.  Temperature*:  curve  1: 233  K,  2: 
169  K.  3:  132  «C  *:  109  K.  S:  92  K.  and  6:  SO  K. 


RtCWNOCM.  TEMPERATURE  (t000/T<Kll 

Fig.  4.  Variation  of  the  dc  reeistanceofthe  device  with  reciprocal  tempera¬ 
ture. 
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sity.  V  the  bias  voltage,  Rs  the  senes  resistance,  and  V0  the 
v  oltage  defining  the  slopes  of  the  curves.  The  precision  of  the 
parameters  extracted  was  only  questionable  close  to  room 
temperature  where  the  devices  showed  an  ohmic  behavior. 
Below  1 50  K,  V0  was  found  constant  and  equal  to  1 45  and  80 
mV  in  reverse  and  forward  bias,  respectively,  and  R ,  was 
negligible.  V 0  was  increasing  with  temperature  above  1 50  K. 

A  typical  capacitance  versus  voltage  curve  is  shown  in 
Fig.  5.  It  clearly  does  not  follow  the  classical  Schottky  diode 
depletion  model  but  rather  a  metal-insulator-semiconduc- 
tor  device  behavior.  The  frequency  dependence  is  small.  The 
admittance  curves  correlate  the  slope  variation  of  the  dc  cur¬ 
rent/voltage  measurements. 

IV.  DISCUSSION 

The  lack  of  strong  rectification  implies  that  thermionic 
emission  is  negligible.  Tl.e  current  transport  is  limited  by 
some  form  of  tunneling  since  it  varies  as  exp(  V/V0)  inde¬ 
pendently  of  temperature  below  1 50  K.  These  properties  are 
systematic  for  all  the  devices  on  several  crystals,  and  are  not 
resulting  from  a  marginal  contact  process  on  the  top  contact 
which  could  create  back-to-back  Schottky  diodes  randomly. 
Furthermore,  a  sharp  minimum  in  capacitance  close  to  zero 
bias  should  be  seen  in  this  case. 11  Schottky  barrier  lowering 
with  biasing  voltage  is  not  detected  since  the  current  should 
varyasexp(aF1/4/D,l2and  V0  should  be  a  function  of  tem¬ 
perature  even  at  80  K. 

rhese  results  have  similarities  with  the  theory  of  ther¬ 
mionic  field  emission  across  Schottky  barriers  (TFS).14  The 
ratio  kT/Ego  is  an  estimation  of  the  relative  importance  of 
the  thermionic  and  field  emission  processes,'3  where  k  is  the 
Boltzmann  constant,  T  the  absolute  temperature,  and  *oo 
an  energy  defined  as 

E00=(qh/m)(,ND/m*e)'n,  (2) 

where  q  is  the  electronic  charge,  h  the  Planck’s  constant,  N D 
the  donor  concentration  in  the  semiconductor  (in  our  case 
the  wide-band-gap  side  with  x  —  0.26),  m*  and  e  the  elec¬ 
tron  effective  mass  and  the  static  dielectric  constant  in  the 
same  material.  When  k7>£oo  the  current  is  mainly  due  to 
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Fto.  3.  High-frequency  ctpecitance/voltagt  curve  at  low  temperature. 
Positive  voltages  correspond  to  positive  bias  on  the  top  material 


thermionic  emission.  When  kT 4 E ^  field  emission  i  or  tun¬ 
neling  from  energies  close  to  the  conduction  band)  is  the 
dominant  transport  mechanism.  Both  types  of  electron 
emission  have  to  be  considered  when  kT^E-^.  In  our  case 
■V0a5x  1015  cm“\  and forx  =  0.26 at  T  =  80  K.  the  rela¬ 
tive  electron  effective  mass  and  dielectric  constant  are  taken, 
respectively,  as  1.4x  10~2  and  16.9.  The  value  of  E^  is  then 
2.66  meV,  much  smaller  than  kT  =6.9  meV.  The  fact  that 
thermionic  conduction  is  not  seen  in  forward  bias,  together 
with  the  capacitance  measurements  results,  make  us  con¬ 
clude  that  a  large  conduction-band  barrier  is  present  at  the 
heterojunction  between  the  two  materials.  This  is  in  agree¬ 
ment  with  the  spectral  response  measured  on  one  device  in 
small  reverse  bias  at  80  K,  showing  a  wide  response  in  the 
3-6  fim  range  and  a  peak  more  than  three  times  higher  in 
amplitude  at  1.9-^m  wavelength.  The  root  square  of  the  pho¬ 
toresponse  is  shown  versus  wavelength  in  Fig.  6.  The  low- 
energy  tail  was  close  to  the  noise  floor  and  was  separated 
from  the  response  of  the  x  =  0.26  material  by  more  than  1 
/urn.  The  measurement  was  made  under  vacuum  with  a  glow 
bar  infrared  source,  a  monochromator,  and  a  lock-in  ampli¬ 
fier.  The  curve  was  corrected  for  blackbody  radiation  and 
grating  dispersion.  It  can  be  interpreted  as  internal  photoe- 
mission  from  a  conduction-band  barrier  0.56  eV  above  the 
Fermi  level  (being  degenerate  in  the  narrow-band-gap  mate¬ 
rial  ) .  The  TFS  theory  predicts  that  the  current/ voltage  rela¬ 
tion  should  be  of  the  form14 

/  =  1,  tx^{qV/E0) 

at  high  enough  voltages,  whereto  =  £■«,  coth  ( E^/k  D  and 
I,  is  a  function  of  T,  the  barrier  height,  the  doping  level,  and 
is  a  weak  function  of  the  bias.  EM  has  been  previously  intro¬ 
duced. 

Since  E0  =  80  me  V  below  1 50  K  in  our  devices,  we  can  see 
that  the  rise  in  E0  above  this  temperature  cannot  be  account¬ 
ed  for  by  the  TFS  theory.  Tunneling  through  a  high  and 
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Fio.  6.  Root  iquart  of  thttpactzalmpoaM  at  the  device  »*  photon  energy 
Only  tbe  hifh-aargy  tail  u  shown. 
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Fig.  7.  Calculation  of  the  assumed  band  profile  of  the  structure  at  zero  bias. 
Parameters  used:  =  0.44.  doping  left-hand  side  =  5  x  I0'5  cm  ~ \ 

doping  right-hand  side  =  4 x  !0'a  cm'1,  Cd  composition  left-hand 
side  =  0.26,  Cd  composition  right-hand  side  =  0. 18,  Cd  composition  at  the 
barrier  peak  =  0.6,  A£V  =  0. 1 5  x  XE, .  T=  80  K. 


sharp  barrier  is  the  suspected  dominant  transport  at  low  T. 
Only  a  minor  contribution  to  the  current  is  due  to  band 
bending  change  with  bias  in  thex  =  0.26  material.  As  will  be 
discussed  iater,  we  think  that  the  barrier  resulted  from 
abrupt  composition  change  during  growth.  Its  actual  con- 
duction-band  profile  is  expected  to  be  much  steeper  than  the 
parabolic  potential  approximation  made  in  the  TFS  theory. 

A  Poisson  solution  of  the  expected  band  profile  of  the 
device  at  80  K  is  shown  in  Fig.  7.  An  abrupt  Cd  composition 
increase  up  to  x  =  0.6  was  assumed  right  at  the  interface, 
follow^  i  by  a  sharp  exponential  decrease  down  to  x  =  0.26. 
The  minimum  barrier  thickness  was  set  to  be  100  A.  The 
valence-band  offset  between  two  different  composition  ma¬ 
terials  was  assumed  to  be  15%  of  their  band-gap  difference. 
A  heavy-hole  effective  mass  independent  of  composition  and 
equal  to  0.44  has  been  used.  The  calculation  is  made  with  the 
relaxation  method,  using  the  two-band  Kane16  model  and 
assuming  fully  ionized  dopants  without  diffusion  effects  at 
the  interface.  Degeneracy  is  included.  The  details  of  this  cal¬ 
culation  will  be  presented  elsewhere.17  We  can  see  that  the 
Fermi  level  on  the  left-hand  side  is  within  1  me  V  of  the  con¬ 
duction  band.  whereas  the  narrow  bandgap  is  heavily  degen¬ 
erate,  the  Fermi  level  lying  43  meV  above  the  conduction 
band. 

This  structure  basically  looks  like  a  metal-insulator-sem- 
iconductor  device  as  suspected  from  the  capacitance  mea¬ 
surements.  The  semiconductor  with  x  =  0.26  is  weakly  de¬ 
generate.  The  use  of  a  metal-insulator-metal  tunneling 
model  could  be  appropriate  at  low  temperature  where  we 
established  that  tunneling  transport  is  dominant  We  used 
the  model  developed  by  Simmons1*  for  its  simplicity,  modi¬ 
fying  it  slightly  to  make  provision  for  different  effective 
masses  in  the  metal  and  the  insulator.  It  assumes  a  rectangu¬ 
lar  barrier  and  is  restricted  to  low  temperatures  where  the 
tunneling  is  independent  of  temperature.  We  did  not  use  it  in 
the  first  pi#'-*  since  it  cannot  demonstrate  the  existence  of 


the  tunneling  process  by  itself.  The  current  density  is  given 
by 

/=  (1/*0){(<1>S  -  V /2)exp(  -  A  vd>8  -  V /l) 

-  (♦,  4-  V /2)exp( -AJTb  +  V/2)} 
with  ,4  =  AUd  ^2m,q/h, 

R0=  (2T1  hd2/qz)(m,/mm), 

y<<PB,  d  is  the  thickness  of  the  barrier,  <PB  the  barrier 
height,  V  the  bias,  h  the  Planck’s  constant,  and  q  the  elec¬ 
tronic  charge,  m*  and  mm  are  the  electron  effective  masses 
in  the  insulator  and  the  metal  electrode  acting  as  the  cath¬ 
ode,  respectively.  R0  is  not  to  be  confused  with  the  zero  bias 
resistance  of  the  device. 

The  effect  of  barrier  height  lowering  is  not  considered 
since  it  could  not  be  detected  from  the  measurements  and  the 
barrier  height  is  expected  to  be  large.  The  fact  that  the  curves 
in  Fig.  3  are  nearly  symmetric  is  consistent  with  this  model. 
The  low-temperature  curve  of  Fig.  3  was  fitted  in  reverse  bias 
since  the  tunneling  is  less  affected  then  in  forward  bias  by  the 
actual  barrier  profile  on  the  wide-band-gap  side.  <t>8  and  d 
where  adjusted  to  produce  the  results  shown  in  Fig.  8.  The 
following  effective  masses  have  been  used:  m,  /m0  =  0.058 
and  m*/m0  —  0.0039.  It  can  be  seen  that  the  best  fit  occurs 
for  <t>a  =0.55  eV,  in  excellent  agreement  with  the  optical 
result.  The  average  matching  barrier  thickness  is  close  to  1 10 
A. 

The  capacitance  measurements  can  be  interpreteo  as  fol¬ 
lows:  the  diode  is  essentially  behaving  as  an  MIS  where  the 
narrow-band-gap  material  is  the  metal  electrode  and  the  bar¬ 
rier  is  the  insulator.  The  top  semiconductor  with  x  =  0.26  is 
then  seen  n-type  in  depletion  at  zero  bias.  Calculation  of  the 
low-frequency  differential  capacitance  of  the  structure 
shown  in  Fig.  7  was  attempted  using  the  same  type  of  calcu- 


Fio.  8  Fitting  of  the  Simmon*  model  to  the  low-temperature  curve  ofF'*  2 
The  top  material  ia  biased  positively.  Parameters  used: 
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Fig.  9.  Relative  capacitance  vs  voltage  curves.  Curve  I:  second  measure¬ 
ment  of  the  CV  data  shown  in  Fig.  5.  T  =  80  K,  100  kHz.  Curve  2:  measure¬ 
ment  of  the  same  device  with  the  same  frequency.  7*=  160  K.  Curve  3  SB  X 
Low-frequency  capacitance  calculation  at  80  K.  Same  parameters  as  in  Fig. 
7. 


lation  as  before  and  the  same  parameters.  The  quasi-Fermi 
levels  on  each  side  of  the  heterojunction  were  assumed  to  be 
constant,  their  difference  being  abruptly  accommodated  at 
the  interface.  The  result  is  shown  in  Fig.  9,  together  with 
measurements  made  at  80  and  160  K  at  100  kHz  on  the  same 
device.  We  can  see  that  an  accumulation  plateau  occurs  be¬ 
low  —  0.2  V.  Its  magnitude  is  much  smaller  than  the  capaci¬ 
tance  of  the  pseudoinsulator  alone.  This  is  due  to  the  onset  of 
depletion  on  the  narrow-band-gap  side  which  begins  to  be 
inverted  below  —  0.3  V.  The  high-frequency  low-tempera¬ 
ture  CV  curve  then  stays  approximately  constant  thereon. 
The  calculation  also  shows  strong  inversion  of  the  wide¬ 
band-gap  side  to  be  occurring  at  +  0. 1 5  V.  Notice  that  these 
thresholds  tend  to  precede  the  abrupt  falls  in  capacitance 
neasured  at  160  K.  We  think  that  these  transitions  are 
l  inked  to  the  collapse  of  their  corresponding  hole  inversion 
layers  through  the  valence  side  of  the  burst  barrier,  driving 
their  respective  material  side  in  deep  depletion.  It  demon¬ 
strates  that  hole  confinement  against  this  barrier  occurred 
before.  We  conclude  that  a  valence-band  barrier  is  also  pres¬ 
ent,  and  that  the  valence-band  offset  cannot  be  neglected. 
Even  though  no  precise  value  can  be  deduced  from  this 
work,  we  should  point  out  that  the  13%  of  the  band-gap 
difference  value  used  in  the  calculations  is  consistent  with  ail 
the  measurements  made  as  well  as  the  recently  published 
studies7'*  when  extrapolated  to  the  HgTe/CdTe  case.  At  the 
present  time  the  reason  why  the  capacitance  only  collapses 
at  high  temperatures  is  not  clearly  understood.  It  might  be 
linked  to  two-dintensional  quantized  energy  levels  of  the  in¬ 
version  layers  interacting  with  deep  levels  within  the  burst¬ 
ing  material.  Even  though  the  deep  levels  have  been  omitted 
from  this  study,  they  are  known  to  be  present  since  notice¬ 
able  hysteresis  has  been  seen  in  the  CKmeasurements,  and  to 
a  smaller  degree  in  the  IV  measurements.  They  could  also 
contribute  to  the  enhanced  tunneling  process  described. 


The  burst  in  composition  which  occurred  at  the  interface 
is  linked  to  the  transient  flux  response  of  the  effusion  ceil 
opened  during  the  growth  to  increase  the  cadmium  content 
of  the  top  layer.  When  the  shutter  is  closed,  the  cell  has  a 
higher  quasiequilibrium  pressure  than  with  the  shutter 
opened.  This  study  shows  that  with  the  particular  geometry 
used  the  time  constant  required  by  the  cell  to  change  from 
the  dosed  to  opened  stable  conditions  was  in  the  order  8  s. 
Once  detected,  this  problem  can  be  avoided.  Recently  grown 
devices  trying  to  avoid  this  effect  give  credit  to  this  hypothe¬ 
sis  and  will  be  published  later. 

V.  CONCLUSION 

We  showed  that  the  electrical  characterizations  of  the  first 
abrupt  n-isotype  heterojunctions  made  by  MBE  were  consis¬ 
tent  with  the  presence  of  a  sharp  burst  in  composition  at  the 
heterojunction  interface  due  to  the  growth  conditions. 

The  measurements  and  the  calculations  presented  are  in 
agreement  with  the  presence  of  a  valence-band  offset 
between  the  barrier  material  and  the  adjacent  layers.  When 
extrapolated  linearly  to  the  HgTe/CdTe  case,  the  value  as¬ 
sumed  is  in  agreement  with  the  recently  published  studies. 
The  high  RqA  values  obtained  even  for  a  narrow-gap  compo¬ 
sition  x  =  0.17  could  be  of  interest  for  future  gate  fleld-effect 
transistor  investigation. 
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The  characterization  of  n-isotype  mercury  cadmium  teliuride  heterojunctions  made  in  situ  by 
molecular-beam  epitaxy  is  reported  first.  The  cadmium  composition  of  each  side  is  0.3  for  the  top 
material  and  0.2 1  for  the  bottom.  Both  sides  were  doped  with  indium.  Strong  rectification  with  an 
ideality  factor  varying  from  1.8  to  2.3  is  shown.  The  forward  bias  occurs  when  the  wide-band-gap 
material  is  biased  negatively.  The  preliminary  results  of  the  first  homojunctions  made  by  the  same 
technique  are  then  presented.  The  cadmium  composition  was  0.27.  The  bottom  p- type  material 
was  doped  by  stoichiometric  deviation,  whereas  the  top  a-type  material  was  doped  with  silicon. 

The  device  is  sensitive  to  infrared  radiation  and  it  is  found  that  the  doping  concentration  is  not 
uniform.  We  suggest  that  generation-recombination  is  limiting  the  device  operation  at  high 
temperatures. 


I.  INTRODUCTION 

In  recent  years,  the  mercury  cadmium  teliuride  ( MCT)  al¬ 
loy  has  been  recognized  as  the  most  important  material  for 
midinfrared  applications.  Its  tunable  band  gap  is  also  consid¬ 
ered  for  near-infrared  detection.  Modern  technologies  to 
manufacture  high-density  array  detectors  require  large 
high-quality  epitaxial  materials.  The  growth  technique  most 
commonly  used  industrially  today  is  liquid  phase  epitaxy. 
Molecular-beam  epitaxy  (MBE)  is  one  possible  alternative 
since  it  has  been  shown  that  MBE  is  able  to  produce  high- 
quality  material.1  Furthermore,  excellent  uniformities  in 
composition  and  thickness  along  with  uniform  properties 
have  been  obtained  for  MCT  epitaxial  layers  on  2-in.-diam 
GaAs  substrates.2  The  key  issue  now  is  to  qualify  the  MBE 
material  through  device  characterization.  The  demonstra¬ 
tion  of  in  situ  doping  and  junction  formation,  without  an¬ 
nealing  treatments,  is  a  very  important  contribution  towards 
this  goal.  We  reported  last  year  unexpected  barrier  forma¬ 
tion  in  the  first  n-isdtype  abrupt  heterojunctions.1  We  will 
show  here  that  such  effects  can  be  avoided.  Strong  rectifica¬ 
tion  is  then  observed.  We  will  also  present  the  first  results  on 
homojunctions  doped  in  situ  with  silicon. 

II.  HETEROJUNCTIONS 

N- isotype  abrupt  heterojunctions  were  grown  on 
CdTe(  1 1 1  )/GaAs(  100)  combination  substrates  as  pre¬ 
viously  reported.  The  CdTe  buffer  layer  was  2.2  pm  thick. 
The  narrow  band-gap  layer  was  then  grown  with  a  cadmium 
composition  X  =  0.2 1  and  a  donor  concentration  of  4  x  1011 
cm-1,  as  determined  by  Hall  measurements.  When  the 
MCT  material  thickness  reached  3  pm,  the  Cd  content  was 
abruptly  increased  to  0.30.  This  final  layer  was  then  grown 
with  a  thickness  of  0.3  fxm.  Its  donor  concentration  is  not 
precisely  known  but  is  estimated  to  be  in  the  low  1015  cm-1 
range  from  the  growth  conditions.  Both  sides  of  the  junction 
were  doped  with  indium  as  previously  reported.4  The  other 
effusion  cells  used  contained  Te,  CdTe,  and  Hg,  respectively. 
The  substrate  temperature  was  maintained  at  190  *C  and  the 
growth  rate  was  3-7  A/s.  To  avoid  the  composition  burst 


observed  previously  at  the  heterojunction  interface,3  the  dis¬ 
tance  between  the  cells  and  their  shutters  was  increased. 
Mesa  devices  were  then  made  with  In  contacts  and  ZnS  pas¬ 
sivation.  The  top  contact  area  was  10-4  cm2.  The  processing 
temperature  never  exceeded  60  *C. 

As  seen  in  Fig.  1  strong  rectification  was  observed.  For¬ 
ward  conduction  occurred  for  a  positive  bias  applied  to  the 
narrow-band-gap  material.  The  average  R&4  of  the  30  de¬ 
vices  measured  reached  101  fix  cm2  at  liquid-nitrogen  tem¬ 
perature.  A  value  of  1 04  fl  X  cm2  was  observed  on  one  device. 
We  conclude  that  the  device  operation  is  limited  by  the  wide¬ 
band-gap  material  where  most  of  the  depletion  occurs.  The 
I /V curves  were  least-squares  fitted  at  each  temperature  to 
the  usual  following  diode  equation.  Series  resistance  had  to 
be  included  since  it  is  unavoidable  in  such  thin  devices  and 
low  doping  levels. 

/  =  /,{exp[?(K-*,/)/«*r]  -  1),  (1) 

where  I,  is  the  saturation  current,  R,  the  series  resistance,  n 
the  ideality  factor,  I  the  current  density,  V  the  bias,  k  the 
Boltzman  constant,  q  the  electronic  charge,  and  T  the  abso¬ 
lute  temperature. 
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Reciprocal  Temperature  (1000/TIK)) 

Fig.  2.  Variation  of  the  current  prefactor  /,  in  £q.  ( I )  with  the  reciprocal 
temperature. 


The  quality  of  the  fitting  was  excellent  at  all  the  tempera¬ 
tures  with  four  decades  of  forward  current  variation.  Its  reli¬ 
ability  above  200  K  was  questionable  since  the  curves  were 
basically  Ohmic.  The  ideality  factor  n  varied  from  1.8  at  200 
K  to  2.5  at  low  temperatures.  The  activation  energy  of  /,  was 
consistently  close  to  123  meV  at  high  temperatures,  whereas 
at  low  temperatures  it  decreased  to  around  80  meV  depend¬ 
ing  on  the  device  tested  ( Fig.  2 ) .  Capacitance  measurements 
are  believed  to  be  unreliable  since  series  resistance  could  not 
be  neglected  and  the  top  material  thickness  was  very  thin.  A 
calculation  of  the  expected  band  profile  of  the  heterojunc- 
tion  is  shown  in  Fig.  3.  The  method  used  has  been  previously 
described.3  We  assumed  a  valence-band  offset  equal  to  10% 
of  the  band-gap  difference  between  the  two  sides  at  80  K,  and 
doping  levels  of  4  x  10,5cm_3and2x  10l5cm-3in  thenar- 
row-  and  wide-band-gap  sides,  respectively.  (If  the  valence- 
band  offset  would  be  taken  as  20%  of  the  band  gap,  the 
phenomenologic  discussion  which  follows  would  not  be 
changed. )  This  calculation  gives  a  depletion  layer  thickness 


Olstence  From  Junction  (pmt 

Fig.  3.  Energy  band  profile  calculated  for  the  heterojunction.  Two-dimen- 
ttonal  quantization  has  been  neglected.  The  energy  reference  is  the  Fermi 
level. 
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more  than  0.3  /im  in  the  wide-band-gap  material.  This  is 
very  close  to  the  top  contact  position.  The  bamer  height 
between  the  top  of  the  spike  and  the  Fermi  level  is  104  meV. 
The  spectral  response  of  one  device  reverse  biased  at  50  mV 
is  shown  in  Fig.  4.  A  maximum  is  seen  at  8-/zm  wavelength. 
It  can  be  noticed  that  the  photosignal  does  not  seem  to  follow 
the  usual  internal  photoemission  theory  on  the  cutoff  side  of 
the  curve.  The  photoresponse  signal  displays  a  tendency 
towards  a  more  linear  relationship  with  the  photon  energy. 
This  could  be  due  in  part  to  a  photoconductive  contribution 
of  the  series  resistance  around  the  mesa.  The  narrow-band- 
gap  side  near  the  heterojunction  is  believed  to  be  heavily 
degenerate  at  80  K,  in  strong  accumulation  (see  Fig.  3).  The 
energy  distribution  range  of  the  photoemitted  electrons  is 
then  limited  to  a  few  kT.  This  situation  can  lead  to  a  linear 
relationship  between  the  photon  energy  and  the  photosig¬ 
nal.5  A  linear  extrapolation  of  the  experimental  curve  in  the 
cutoff  region  would  then  give  a  barrier  height  <bt  equal  to 
130  meV.  The  device  looks  like  a  metal-semiconductor 
Schottky  diode6  where  the  metal  would  be  the  degenerate 
narrow-band-gap  material.  However,  the  equivalent  barrier 
height,  i.e.,  the  energy  difference  between  the  top  of  the  spike 
and  the  Fermi  level,  is  a  function  of  the  bias.  Anderson6 
showed  that  an  ideality  factor  >  1  is  expected,  and  that  the 
reverse  current  should  not  saturate.  The  builtin  potential  is 
26  meV  on  the  narrow  band  gap  and  93  meV  on  the  other 
side.  At  low  forward  bias  the  ideality  factor  should  be  close 
to  1.28.  The  fact  that  n  equals  or  exceeds  2  makes  us  con¬ 
clude  that  thermionic  emission  is  not  the  only  transport  in¬ 
volved,  even  at  high  temperatures.  This  is  also  supported  by 
the  following  argument.  The  variation  versus  temperature  of 
I,  deduced  from  the  fitting  to  Eq.  ( 1 )  closely  matches  the 
variation  of  the  current  measured  at  low  forward  bias.  Ac¬ 
cording  to  the  Anderson6  model,  at  fixed  low  voltages,  the 
current  should  vary  as  T'n  exp(  —  qV0/kT),  where  7" is  the 
absolute  temperature  and  VD  is  the  electrostatic  potential 
drop  across  the  wide-band-gap  material  side.  The  calcula¬ 
tion  shows  that  VD ,  at  zero  bias,  should  decrease  when  the 
temperature  increases.  For  example,  it  should  be  approxi¬ 
mately  equal  to  40  meV  at  230  K.  This  is  in  contradiction 
with  the  measurements  since  the  activation  energy  of  /  /  T ' ' : 


Fig.  4.  Spectral  response  of  the  heterojunction  at  80  K. 
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is  equal  to  120  meV  at  high  temperatures. 

We  suggest  that  generation-recombination  mechanisms 
in  the  x  =  0.3  material  play  an  important  role  at  high  tem¬ 
peratures.  Tunneling  effects  are  expected  at  low  tempera¬ 
tures  in  such  narrow-band-gap  materials,  they  are  certainly 
responsible  for  the  increase  of  n  to  2.5  at  80  K.  However,  the 
slope  of  log  /  /  V  still  increases  down  to  this  temperature,  and 
another  transport  process  is  still  present.  If  thermionic  emis¬ 
sion  is  the  main  relevant  mechanism  in  the  intermediate  tem¬ 
perature  range,  the  activation  energy  of  /,  ( 82  meV)  would 
be  in  reasonable  agreement  with  the  calculated  value  of  VD  2 
(93  meV). 

III.  HOMOJUNCTIONS 

The  epitaxial  layer  was  grown  on  CdTe(lll)/ 
GaAs(lOO)  substrate  at  the  same  temperature  as  before 
(190*C).  The  stoichiometric  conditions  were  adjusted  to 
produce  /7-type  material  with  a  thickness  of  4.2  fim.  The 
silicon  rt-type  doping  flux  was  then  added  on  the  crystal  dur¬ 
ing  the  remaining  1  p m  material  grown  subsequently  by 
opening  the  corresponding  shutter.  The  other  growth  condi¬ 
tions  were  identical  to  the  ones  reported  above.  Hall  mea¬ 
surement  of  the  layer  as  grown  gave  an  n-type  doping  level  of 
5  x  1016  cm  " J  in  the  top  material  neglecting  the  contribution 
of  the  /7-type  material.  This  was  relevant  since  this  measure¬ 
ment  showed  an  n-type  fully  ionized  behavior  below  250  K 
(flat  curve).  After  etching  of  the  n-type  material,  the  same 
technique  showed  that  the  remaining  material  was  p  type 
with  a  level  of  2  X  10“cm~J.  Freeze  out  was  present  down  to 
the  lowest  temperature  measured  (28  K).  The  cadmium 
composition  was  determined  at  room  temperature  by  Four¬ 
ier  transform  infrared  (FTIR)  transmission  measurements. 
The  value  calculated  for  an  absorption  coefficient  of  1000 
cm" 1  was  X  =  0.27.  Mesa  devices  were  subsequently  pro¬ 
cessed  at  low  temperature  (below  63  *C) .  The  n-  and  p-type 
materials  were  contacted  with  indium  and  gold,  respective¬ 
ly.  The  area  of  the  devices  was  1.5 X 10"4  cm2.  The  I/V 
curves  in  Fig.  5  were  measured  with  a  cryogenic  probe  sta¬ 
tion.  They  show  good  rectification,  forward  bias  occurring 
when  the  top  n-type  material  is  biased  negatively  as  expect¬ 
ed.  We  can  see  in  Fig.  6  that  illumination  by  a  blackbody  at 


Voltage!  V) 

FlG.  6. 1  /  V curve  of  the  homojunction  at  SO  K.  with  and  without  illumina¬ 
tion  from  a  blackbody  at  600  K.  The  room-temperature  background  field  of 
view  is  180*. 

600  K  generates  a  reverse  photocurrent.  The  variation  of 
Ryi  versus  temperature  in  Fig.  7  follows  a  constant  slope  at 
high  temperatures,  and  progressively  saturates  down  to  90 
K,  decreasing  slightly  thereafter.  At  liquid-nitrogen  tem¬ 
perature,  the  device  is  expected  to  be  limited  by  tunneling 
and  edge  leakage  since  no  passivation  was  used  and  the 
structure  is  not  gated.  Also,  the  field  of  view  of  the  room- 
temperature  background  was  18QT,  so  the  value  of  Ayf  is  not 
entirely  limited  by  the  junction  material.  Since  the  n-type 
material  is  degenerate  at  80  K,  most  of  the  depletion  layer 
should  be  on  thep  side.  At  zero  bias  the  capacitance  is  30% 
smaller  than  expected  from  the  doping  levels.  It  decreases 
with  reverse  bias  but  1/C 2  does  not  follow  a  straight  line.  We 
conclude  that  the  doping  is  not  uniform,  and  that  the  silicon 
probably  diffused  in  thep  side.  The  I/V  data  were  fitted  to 
Eq.  (1).  The  ideality  factor  varied  from  2.1  at  high  tempera¬ 
ture  to  3.0  at  80  K.  Since  the  same  time  Ayi  varies  nearly  as 
\/n„  where  n,  is  the  intrinsic  carrier  concentration,  we  sug¬ 
gest  that  generation-recombination  currents  in  the  deple¬ 
tion  region  could  be  dominant  above  160  K.7  Further  analy¬ 
sis  of  these  devices  will  be  published  elsewhere.* 
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Fio.  7.  Variation  of  the  zero  bias  resistance  of  the  bomojunction  vs  recipro¬ 
cal  temperature.  Background  held  of  view  it  ISO*. 
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Boukercbe  *m..  MCT  junctions  grown  in  situ  by  MBC 

IV.  CONCLUSION 

The  first  rectifying  MCT  devices  nude  in  situ  by  MBE 
have  been  described.  The  previous  composition  bunt  during 
heterojunction  formation  could  be  eliminated  by  proper 
growth  conditions.  The  strong  rectification  measured  shows 
tLat  the  conduction-band  discontinuity  is  abrupt,  and  that 
the  interface  state  density  between  the  two  materials  is  negli¬ 
gible. 

The  homojunction  presented  also  showed  strong  rectifica¬ 
tion  and  generated  a  photovoltaic  current  upon  infrared  illu¬ 
mination. 

These  preliminary  results  are  intended  to  represent  a  first 
step  in  the  understanding  of  in  situ  junction  formation  using 
the  MBE  technique.  All  the  native  defects  are  still  present  in 
the  material  since  it  is  not  annealed  under  mercury  pressure, 
as  is  commonly  the  case  for  ex  situ  made  junctions.  The  con¬ 
trol  of  doping  is  also  a  very  difficult  task  to  achieve  in  this  II- 
VI  ternary  alloy.  In  addition  all  the  measurements  were 
made  with  180*  field  of  view  and  a  probe  station  where  some 
residual  strain  is  unavoidable  during  probing. 

Further  material  characterizations  and  device  modeling 
are  then  needed  to  confirm  the  generation-recombination 
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process  suggested  and  also  why  the  diffusion  limited  regime 
is  not  observed  in  the  homojunction  at  high  temperature. 
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IV-2  HOMOJUNCTIONS 


N-p  homojunctions  have  also  been  fabricated  in  situ.  The  epitaxial  layer  was 
grown  on  CdTe(111)B/GaAs(100)  substrate  at  190°C.  The  stoichetric  conditions 
were  adjusted  to  produce  p-type  material  with  a  thickness  of  4.2pm.  Silicon  was 
used  as  the  n-type  dopant  to  a  level  of  5  x  I016cm-3 

The  homojunctions  showed  strong  rectification  and  generated  a  photovoltaic 
current  upon  infrared  illumination.  Diffusion  limited  regime  was  not  observed  in 
the  homojunctions  at  high  temperature  which  suggests  what  native  defects  were 
controlling  the  diode  performance.  These  results  are  describe  in  the  paper  entitled, 
"MCT  n-isotype  heterojunctions  grown  in  situ  by  molecular  beam  epitaxy*  attached 
to  section  IV— 1. 


IV— 3  COMMENTS 


It  is  important  to  point  out  that  the  Microphysics  Laboratory  has  described  the 
first  rectifying  MCT  devices  made  in  situ  by  MBE.  This  work  has  been  carried 
out  in  1987  (see  Semi  Annual  Technical  Report  dated  June  30,  1987).  Since  then 
the  effort  has  been  put  in  the  control  of  microstructural  defect.  Therefore  it  is 
not  fair  to  think  that  these  results  represent  the  state-of-the-art  of  the  Microphysics 
Laboratory  as  pointed  out  in  the  introduction  of  this  report.  Hence  taking  into 
consideration  (i)  the  progress  achieved  in  the  control  of  twin  formation  during 
the  year  1989  (ii)  the  growth  of  n-type  doping  using  indium  (Hi)  the  growth  of 
high  quality  p-type  HgCdTe  in  (211)B  orientation  the  Microphysics  Laboratory  has 
currently  the  potential  of  growing  much  better  in  situ  homo-  and  heterojunctions. 


V  PHOTODIODES  MADE  EX  SITU 


V-1  ION  IMPLANTED  PHOTODIODES 

Ion  implanted  photodiodes  have  been  fabricated  by  Rockwell  International 
Science  Center  on  HgCdTe(ll1)B  MBE  layers  grown  in  the  Microphysics  Laboratory. 
These  junctions  have  been  made  on  as-grown  p-type  layers,  12pm  thick.  The 
diode  dark  currents  in  the  diffusion  regime  and  the  spectral  response  attest  to 
the  excellent  uniformity  In  composition  of  the  layer.  We  have  also  established 
that  in  the  diffusion  regime,  the  data  can  be  explained  by  the  ideal  diode  equation 
with  electrical  parameters  measured  on  the  as-grown  MBE  layers. 

The  problems  at  low  temperture  are  complex  because  factors  in  material  and 
fabrication  are  independent  and  the  dark  currents  are  likely  dominated  by  grown 
induced  and  process  induced  defects  difficult  to  separate.  The  results  are  detailed 
in  the  attached  paper. 

Several  layers  have  been  implanted  but  it  turned  out  that  for  most  of  them 
only  a  few  diodes  were  working.  We  concluded  that  high  EPD  (high  I06cm-2)  due 
to  twinning  was  responsible  for  low  yield.  These  results  obtained  in  1987  and 
early  1988  have  triggered  our  effort  related  to  the  twinning  problem  as  explained 
in  the  introduction  and  in  part  II. 

ATTACHED  PAPERS: 

1.  "Characteristics  of  p-n  junctions  fabricated  on  MCT  grown  by  MBE" 
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p-n  junctions  have  been  fabricated,  using  the  ion  implantation  technique,  on  a  Hg,  _  ,Cd,Te 
epilayer  grown  by  molecular  beam  epitaxy  (MBE)  on  a  CdTe(  111)2?  substrate.  These 
junctions  have  been  made  on  as-grown p- type  layers,  \2p.m  thick.  The  layer  (x  =  0.34) 
exhibits  at  77  K  a  hole  mobility  of  800  cm2  V" 1  s" 1  and  a  carrier  concentration  of  3.6x  1019 
cm"3.  The  diode  dark  currents  in  the  diffusion  regime  and  the  spectral  response  attest  to  the 
excellent  uniformity  in  composition  of  the  layer.  We  have  also  established  that  in  the  diffusion 
regime  the  data  can  be  explained  by  the  ideal  diode  equation  with  electrical  parameters 
measured  on  the  as-grown  MBE  layers.  We  consider  this  an  important  step  in  the 
understanding  of  the  relationship  between  material  parameters  and  device  performance. 


Since  the  first  successful  attempt  to  grow  Hg,  _ ,  CdtTe 
by  molecular  beam  epitaxy  (MBE)  reported  in  1981,'  the 
quality  of  MBE  Hg,  _  ,Cd,Te  epilayers  has  been  improved 
drastically.2'9  Surprisingly,  whereas  extensive  effort  has 
been  devoted  towards  the  making  of  photovoltaic  devices  on 
bulk  and  liquid  phase  epitaxy  ( LPE)  material,  the  only  pub¬ 
lished  device  data  on  MBE  HgCdTe  epitaxial  layers  were 
reported  in  19832  and  very  recently  in  1988* 

The  reason  is  probably  due  to  the  fact  that  MBE  was 
used  more  as  a  tool  to  understand  the  growth  and  to  grow 
microstructures  such  as  superlattices,7  than  to  grow  thick 
epilayers.  With  the  development  of  Hg  cells  with  large  ca¬ 
pacity,  the  MBE  technique  has  been  able  to  overcome  one  of 
its  drawbacks,  i.e.,  the  low  Hg  condensation  coefficient.  It  is 
now  possible  to  grow  epilayers  of  10-15  fsm  thickness  or 
even  more,  thickness  that  is  required  for  infrared  ( IR)  pho¬ 
tovoltaic  devices.3"9  In  addition  to  that,  the  reproducibility 
in  the  growth  conditions  and  the  excellent  uniformity 
achieved  in  composition  and  carrier  concentration  on  2-in.- 
diam  GaAs  substrates*  prove  that  MBE  HgCdTe  material 
should  be  taken  into  consideration  as  a  valuable  candidate 
for  conventional  infrared  detectors. 

The  purpose  of  this  study  is  to  establish  the  relationships 
between  electrical  parameters  measured  on  the  active  layer, 
the  junction  characteristics,  and  the  device  figures  of  merit. 
Material  properties  and  processing  of  devices  are  interde¬ 
pendent  and  in  general  difficult  to  separate,  but  it  is  reasona¬ 
ble  to  expect  that  in  the  diffusion  regime  of  the  diode  oper¬ 
ation  the  correlation  between  average  electrical  parameters, 
junction  parameters,  and  device  figures  of  merit  can  be  vali¬ 
dated. 

One  epitaxial  layer  of  Hg,  _  ,Cd,Te,  whose  characteris¬ 
tics  are  presented  in  Table  I,  has  been  investigated  here.  It 
has  been  grown  on  a  CdTe(  111)2?  substrate  at  195  *C  in  a 
Riber  2300  MBE  system,  under  a  growth  procedure  pre¬ 
viously  described.9  The  layer  is  p- type  as  currently  observed 
in  our  laboratory  for  ( 1 1 1  )B  layers  of  x  >  0.22  grown  at  this 
temperature.  MBE  growth  occurs  under  Te-rich  conditions; 
therefore,  it  is  likely  that  the  acceptor  character  is  mainly 
related  to  the  presence  of  Hg  vacancies.  The  carrier  concen¬ 


tration  and  hole  mobility  of  the  layer  are  in  the  range  of  the 
best  values  obtained  for  such  a  composition.9  Minority-car¬ 
rier  lifetime  measurements  have  been  performed  using  the 
photodecay  technique. 

The  composition  of  the  Hg,  _xCdxTe  alloy  is  deter¬ 
mined  from  IR  transmission  spectra  obtained  at  300  K.  The 
energy  gap  has  been  defined  to  correspond  to  an  absorption 
coefficient  of  500  cm  "  *. 

In  this  experiment  a  1 X  32  planar  array  of  n*/p  photo¬ 
voltaic  devices  was  used  for  characterization.  Ion  implanta¬ 
tion  was  used  to  form  the  junction  and  the  structure  is  passi¬ 
vated  with  ZnS/Si02.  Ion  implantation  is  done  at  300  K  on 
the  as-grown  MBE  HgCdTe  material  coated  with  a  thin  lay¬ 
er  of  ZnS.  Typical  elements  used  are  boron  and  beryllium 
and  the  energy  range  is  between  200  and  250  ke  V  with  a  dose 
range  of  10,3-1014  cm"2.  The  detector  array  was  of  planar 
structure  with  an  implant  area  of  1 10  pm2  on  125  pm  center 
to  center  spacing.  The  thickness  of  the  layer  -  12  pm  was 
measured  by  optical  micrograph  on  a  cleaved  portion  of  the 
layer  and  the  junction  depth  was  measured  to  be  2—2.5  pm 
deep  in  the  material. 

Figure  1  demonstrates  the  uniformity  of  the  spectral  re¬ 
sponse  for  six  diodes  across  the  wafer.  The  relative  spectral 
response  per  watt  was  measured  at  77  K  on  an  8  mm2  pro¬ 
cessed  array.  The  spectral  response,  which  exhibits  excellent 
uniformity  over  this  area  ( see  Fig.  1),  was  illuminated  on  the 
implant  side  through  the  passivated  layer  on  randomly 
bonded  detector  elements.  During  this  measurement  adja¬ 
cent  diodes  are  floating.  The  quantum  efficiency  measured 
from  the  top  side  of  the  device  ( through  the  n  *  implanted 
region)  was  25%.  The  spectral  response  curves  are  some- 
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FIG.  I.  Spectral  response  uniformity  at  77  K  of  MBE  photodiodes  fabri¬ 
cated  on  layer  No.  216  528. 

what  narrow  band.  This  may  be  due  to  the  fact  that  infrared 
radiation  was  incident  through  the  implanted  region  of  the 
detector  instead  of  through  the  CdTe  substrate.  Short  wave¬ 
length  photons  will  be  preferentially  absorbed  near  the  da¬ 
maged  implanted  material  and  recombine  before  collection 
by  the  p~n  junction.  This  effect  may  also  relate  to  the  low 
quantum  efficiency.  The  measured  cutoff  wavelengths  are 
observed  to  be  uniform  and  in  accord  with  the  IR  transmis¬ 
sion  data  (taken  at  300  K  and  extrapolated  at  77  K),  i.e., 
3.37  fim  compared  to  3.60  fit n. 

Figure  2  is  a  statistical  display  of  RqA  products  mea¬ 
sured  at  193  K.  In  Fig.  2(b)  we  have  used  the  Weibull  proba¬ 
bility  paper  to  illustrate  the  cumulative  distribution  func¬ 
tion.  10  Figure  2(a)  is  a  histogram  and  the  curve  is  a  fit  of  the 
data  to  a  Weibull  distribution  with  parameters  derived  from 
the  Weibull  cumulative  distribution  function.  The  steepness 
of  the  Weibull  distribution  curve  illustrates  the  excellent 
uniformity  of  the  diodes.  The  devices  with  RqA  products 
which  clearly  do  not  fit  the  Weibull  curve  are  limited  by 


FIO.  2.  Statistic*!  display  of  R&i  products  at  I9S  K:  (a)  histogram,  (b) 
W ahull  probability. 
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gross  imperfections  of  yet  unknown  origin. 

In  Fig.3  we  illustrate  the  current-voltage  characteristics 
for  a  diode  operating  in  the  diffusion  regime  at  183  K.  The 
data  can  be  explained  by  Shockley’s  ideal  diode  equation 
J  =  J0[txp(qv/kT)  —  1 1,  where  q  is  the  electronic  charge, 
V  the  applied  voltage.  A:  the  Boltzmann  constant,  T  the  abso¬ 
lute  temperature,  and  /0  the  saturation  current  density.  Both 
forward  and  reverse  bias  characteristics  are  shown  in  Fig.  3. 
The  linear  line  labeled  “calculated  from  reverse  bias’’  is 
based  on  the  ideal  diode  equation  taking  /SAT  measured  from 
reverse  bias.  The  currents  in  reverse  bias  are  usually  ob¬ 
served  to  be  slightly  larger  than  currents  in  forward  bias 
suggesting  the  presence  of  a  small  ohmic  current  compo¬ 
nent.  The  second  line  is  the  best  fit  to  the  forward  bias  cur¬ 
rent  corrected  for  series  resistance  effects  observed  at  large 
forward  bias.  For  the  layer  processed,  the  measured  electri¬ 
cal  parameters  at  195  K  are  N4  =  6.5 x  1015  cm'*, 
M*  =  320 cmW  s,  r,  =  1.60X  10-7s.  Takings,  =  4x  104 
cm!/V',s'1  we  obtain  for  the  diffusion  coefficient 
D=  (kT/q)fi  =  6.7x  102  cm2*-',  and  for  the  diffusion 
length  L,  —  104  ^m.  Since  our  thickness  t  is  - 1 2  n m  in  the 
perpendicular  direction,  we  have  a  short  diode  and  in  the 
direction  parallel  to  the  surface  a  long  diode.  We  have  a  two- 
dimensional  problem  which  we  approximate  by  a  linear  su¬ 
perposition  of  two  currents.  The  current  density  in  the  direc¬ 
tion  normal  to  the  surface  is  taken  as  J0  =  q(  n1,/ N 4 )  ( t  /r, ) 
and  parallel  to  the  surface  as  J0  =  q(n*/N4  )(L,/rt).  The 
effective  area  of  the  device  in  the  perpendicular  direction  is 
taken  to  be  a2  =  l.6x  10_4cm2,  a  =  125//mand4aA  in  the 
parallel  direction  where  As;  3  X  10~4cm.  From  the  electrical 
data  we  obtained  A.  J**  (OK)  =  4. 16pm.  This  value  is  larger 
than  what  was  expected  from  the  measurement  of  the  pho¬ 
toresponse  Af(0K)  =  3.72  ftm.  Such  discrepancies  are 
usually  observed  between  cutoff  wavelengths  deduced  from 
electrical  and  optical  data.  Taking  the  gap  obtained  from 
electrical  data  (see  Fig.  4)  the  intrinsic  carrier  concentration 
it}4'  ( 195  K)  is  calculated  to  be  2.87  x  1013  cm  “  ’  Inserting 
this  value  plus  the  electrical  data  cited  before  we  calculate 
/£ jy  =  4.4X  10"*  A.  The  measured  value  is  4.5  x  10 “ "  A. 


FIG. ).  Current-voltage  characteristic*  at  113  K  of  MBE  photodiodes  fabri¬ 
cated  on  layer  No.  216  525.  X,  -  3.60  pm  at  77  K. 
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FIG.  4.  Zero  bias  resistance-area  ( R^A )  product  vs  temperature  of  MBE 
epilayer  No.  216  528.x  =  0.341.  ^(optical)  =  3.60^mat77  K.  3  74/imat 
0  K.  floptical)  =  0.332  eV  at  0  K.  -i,  (electrical)  =  4.16/jm  at  0  K.  E, 
(electrical)  =  0.298  eV  at  0  K.  Area  of  the  diode:  l.56x  10~4  cm_:.  the 
parameter  z  is  equal  to  107 7*. 

Hence  taking  the  gap  deduced  from  electrical  data  ( see  Fig. 
4)  plus  the  electrical  parameters  measured  for  the  layer,  an 
excellent  agreement  is  obtained  between  theory  and  experi¬ 
ment.  For  analysis  we  have  used  a  simple  model  for  the  n  *p 
device  structure.  We  have  assumed  that  recombination  ve¬ 
locities  associated  with  surfaces  and  interfaces  can  be  ne¬ 
glected  and  that  the  current  contribution  from  the  n  *  side  is 
negligible.  This  appears  to  be  valid  since  by  neglecting  those 
contributions  the  data  can  be  explained.  The  calculations  are 
sensitive  to  the  value  of  Ac  used  for  calculating  nt  as  well  as 
the  values  assumed  for  the  junction  parameters. 

As  shown  in  Fig.  4  the  R^4  's  monotonically  increase 
with  lowering  of  the  temperature.  We  have  fitted  the  transi¬ 
tion  region  to  a  G-R  expression  of  the  form  exp  Et/2kT.  The 
temperature  dependence  appears  to  support  the  thesis  that 
currents  in  the  transition  region  originate  from  carrier  gen¬ 
eration  in  the  depletion  region.  The  forward  bias  characteris¬ 
tics.  however,  do  not  show  the  expected  voltage  dependence 
of  exp  qv/2kT.  This  observation  is  not  necessarily  inconsis¬ 
tent  with  the  temperature  dependence."'12 

The  fit  to  the  data  in  the  transition  region  and  at  lower 
temperature  represents  an  empirical  fit  of  the  data  and 
should  not  be  considered  as  a  validation  of  physical  mecha¬ 
nisms.  At  temperatures  below  63  K  we  observe  a  decrease  in 
R<?i  products  or  increase  in  dark  currents.  Dark  current 
components  with  negative  temperature  coefficient  are  ex¬ 
pected  from  tunneling  mechanism  since  the  band  gap  de¬ 
creases  with  decreasing  temperature.11 

In  summary,  n  *p  junctions  have  been  made  on  HgCdTe 
p-type  layers  grown  by  MBE  on  CdTe( 111)  B  substrates 
using  the  ion  implantation  technique.  The  spectral  response 
of  the  diodes  confirms  the  excellent  uniformity  in  composi¬ 
tion  achieved  in  these  layers  along  the  growth  axis  and  over 
the  surface  area  investigated. 

We  have  also  established  that  in  the  diffusion  regime  the 
data  can  be  explained,  at  small  bias  and  forward  bias,  by  the 
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:deal  diode  equation  with  electrical  parameters  measured  on 
as-grown  MBE  layers.  We  consider  this  as  the  first  impor¬ 
tant  step  in  the  understanding  of  the  relationship  between 
material  parameters  and  device  performance. 

The  problems  at  low  temperatures  are  complex  because 
factors  in  material  and  fabrication  are  interdependent  and 
the  dark  currents  are  likely  dominated  by  grown-in  and  pro¬ 
cess-induced  defects  difficult  to  separate.  At  low  tempera¬ 
tures  the  currents  are  small  but  generated  at  the  metallurgi¬ 
cal  junction.  Hence,  the  features  of  the  junction  are  of  critical 
importance.  Understanding  the  technological  limits  is  still  a 
critical  issue  in  devices  fabricated  by  conventional  tech¬ 
niques. 1 3-14  The  hope  is  that  MBE  technology  with  its  in  situ 
diagnostic  capabilities  and  the  capability  to  produce  devices 
in  situ  will  provide  the  needed  insight  to  identify  and  reduce 
factors  limiting  performance  in  current  state  of  the  art  device 
fabricated  by  conventional  techniques.  The  capability  of 
growing  highly  uniform  layers  on  substrate  as  large  as  2  in.  in 
diameter  along  with  the  demonstration  that  good  diodes  can 
be  obtained  even  on  the  first  attempts  on  as-grown  material 
should  attract  attention  to  MBE  HgCdTe  for  IR  focal  plane 
arrays.  In  parallel  with  the  fabrication  of  MBE  diodes  we 
have  processed  a  post-growth  annealed  layer  grown  by  liq¬ 
uid  phase  epitaxy.  The  performance  was  observed  to  be  simi¬ 
lar.  However,  these  devices  were  not  annealed  after  (he  im¬ 
plantation  step  usually  included  in  the  baseline  LPE 
processing. 

This  work  has  been  supported  at  the  University  of  Illi¬ 
nois  by  Defense  Advanced  Research  Projects  Agency 
(DARPA)  under  contract  No.  F49620-87-C-002 1  and  by 
DARP A/Night  Vision  Laboratory  (NVL)  under  contract 
No.  DAAL03-87-K-Q092.  The  work  on  device  fabrication 
and  analysis  was  supported  in  part  by  Rockwell  Interna¬ 
tional  discretionary  funds  and  by  DARPA/NVL  under  con¬ 
tract  DAAL03-87-C-0014. 
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V-2  LOW  ENERGY  ION  SPUTTERING  PHOTODIODES 


The  effect  of  low  energy  Ions  (LEI)  on  HgCdte  has  been  investigated  in  the 
Microphysics  Laboratory  where  it  has  been  found  that  n-p  junction  is  formed 
when  a  p-type  material  is  bombarded. 

This  approach  which  has  been  entirely  developed  in  the  MPLab  has  been  used 
to  fabricate  photodiodes  on  HgCdTe  layers  grown  by  MBE  in  the  laboratory.  The 
technique  along  with  diode  performances  have  been  described  in  the  attached 
paper. 

The  first  epilayers  tested  showed  that  HgCdTe  grown  by  MBE  can  be  of 
excellent  qualtiy.  Fig.  1  illustrates  R0A  vs  T  for  diodes  fabricated  on  MBE  grown 
HgCdTe  epilayers  of  different  x.  It  can  be  see  that  high  R0As  are  obtained  even 
though  all  the  layers  tested  were  twinned  epilayers. 

We  have  found  that  this  method  is  not  only  inexpensive  but  also  fast  and 
reliable.  Fig.  2  and  3  compare  R0As  for  diodes  fabricated  on  the  same  MBE 
layers  either  by  ion  implantation  at  Rockwell  or  by  low  energy  ion  in  the  MPLab. 
For  both  of  them  R0As  in  the  diffusion  regime  show  nearly  identical  slopes.  In 
addition,  the  diodes  fabricated  using  this  new  method  are  very  stable. 

Therefore,  this  technique  appears  to  have  potential  in  terms  of  diode  manufactur¬ 
ing.  These  very  encouraging  results  call  for  additional  work.  Compared  to 
conventional  Ion  implantation  technique,  l.cl  technique  is  much  less  damaging  for 
HgCdTe.  In  addition  this  technique  might  be  developed  in  situ. 

FIGURE  CAPTIONS: 

Fig.  t  R0A  of  MBE  Hg1_xCdxTe(111)B  photodiodes 

Fig.  2  Arrhenius  plot  of  RgA  for  diodes  made  on  the  same 

Fig.  3  Epilayer  using  either  ion  Implantation  of  low  energy  ion 
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1.  ‘Planar  heterojuctions  made  on  molecular  beam  epitaxially  grown  mercury 
cadmium  tellurlde  using  low  energy  ion  sputtering* 
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ABSTRACT 

Planar  heteroj unctions  were  fabricated  on  mercury  cadmium  telluride 
layers  grown  by  Molecular  Beam  Epitaxy.  P-type  (lii)B  Hg^Cd^Te  having 
an  x  value  gradually  increasing  to  the  surface  have  been  grown.  The 
sputtering  technique  has  been  used  to  form  the  junctions.  For  the  first 
time,  electrical  and  optical  characterizations  of  a  representative 
junction  are  presented  in  this  report.  The  resistance-area  product  at 
zero  bias  and  at  80  K  is  2.4X103  ohm-cm2  for  x-0.27.  The  spectral 
response  of  this  device  shows  that  two  junctions,  one  with  x-0.27  and 
the  other  with  x-0.33,  exist.  However,  Responsivities  as  high  as  7.2 
A/w  at  80  K  were  recorded  due  to  the  electrically  reflecting  boundary 
on  the  p-type  surface. 
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1.  INTRODUCTION 


The  ternary  alloy  Hgt-„Cd,Te,  with  x  values  ranging  from  0.2  to  0.3, 
is  currently  the  most  important  narrow  band  gap  semiconductor  for 
infrared (IR)  detection.  Its  interesting  features  for  infrared  detection 
applications  have  been  studied  for  more  than  two  decades.  The 
photovoltaic  rather  than  the  photoconductive  detection  has  been  favored 
because  of  the  low  1/f  noise,  high  detectivity  and  the  high  density  of 
devices  mainly  for  application  to  focal  plane  arrays. 

Great  effort  has  been  made,  for  several  years,  to  grow  epitaxial 
layers  using  different  methods,  such  as:  LPE,  MOCVD,  LADA,  and  MBE. 
However  up  to  now,  only  the  LPE  technique  seems  to  have  reached  a  suffi¬ 
cient  maturity  to  give  layers  suitable  for  device  processing.  This  is 
probably  due  to  the  fact  that  MBE  was  more  often  utilized  as  a  tool  to 
grow  heterostructures,  such  as  superlattices.  However,  reports  have 
recently  been  published  on  IR  photodiodes  made  on  (lll)B  Hg1.sCdxTe  grown 
by  MBE. 1,2,3  According  to  these  publications,  the  as  grown  MBE  Hg^Cd^Te 
layers  exhibited  IR  photodiode  performances  not  as  good  as  those 
fabricated  on  annealed  LPE  layers  for  device  applications.  More 
recently,  IR  photodiodes  fabricated  on  Hg^CdxTe  layers  grown  by  MBE  in 
a  differnt  orientation,  namely  (211) B,  displayed  performances  equivalent 
to  those  made  with  LPE  layers.4 

The  ion  implantation  technique  is  one  of  the  techniques  most  commonly 
used  to  make  p-n  junctions.  This  technique  allows  a  precise  control  of 
the  junction  depth,  avoids  heating  of  this  metal lurgically  sensitive 
material  and  is  more  suitable  for  microdevices  than  mercury  diffused 
junctions  made  by  annealing.9  In  general,  ion  implantation  employs  a 
high  ion  energy  ranging  from  100  KeV  to  400  KeV.  Since  the  lower 
binding  energies  of  ionic  bonds  are  dominant  in  I I -VI  compound  semicon¬ 
ductors,  the  damages  induced  by  the  implanted  ions  can  propagate  well 
beyond  the  depth  where  ions  stop.  This  effect  is  not  so  dramatic  for 
III-V  compound  semiconductors.  Therefore,  the  junction  is  believed  to 
be  formed  several  times  deeper  than  the  mean  range  of  the  ions.  A 
variety  of  dopants,  such  as  B,  Al,  P,  and  even  inert  Ar,  have  been 
implanted  with  different  ion  energies  to  form  p-n  junctions  whose 
results  were  compared  in  the  experiment  of  Kolodny  et  al.0  They 
concluded  that  the  conversion  to  n-type  conductivity  was  due  to  defects 
or  damages  created  by  the  implanted  ions,  rather  than  by  the  implanted 
dopants  and  the  number  of  implanted  ions  because  the  sheet  carrier 
density  was  not  sensitively  changed  by  the  ion  doses  and  the  ion 
energies.  More  recently,  Bubulac  et  al7  found  that  mercury  atoms 
activated  by  implanted  ions  diffuse  more  effectively  into  the 
stoichiometrically  doped  p-type  layers  than  ones  doped  by  impurities, 
such  as  As.  Furthermore,  the  junction  could  be  improved,  and  be  defect 
free,  by  driving  the  mercury  atoms  further  into  the  p-type  region  by 
successive  annealings. 

By  analogy,  if  a  low  energy  ion  bombardment  such  as  sputtering  is 
sufficient  to  create  defects  or  damages  at  the  surface  of  p-type  Hgx. 
xCd,Te  layers,  the  damaged  surface  should  be  converted  to  n-type,  thus 
forming  p-n  junctions  similar  to  ion  implanted  junctions.  This 
technique  was  first  investigated  by  Wotherspoon  in  1981.*  He  claimed 
that  the  etched-away  part  of  the  p-type  layer  leaves  the  excess  carriers 
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of  mercury#  which  act  as  dopant  sources  converting  the  p-type  surface 
to  n-type.  Surprisingly#  despite  the  wide  use  of  dry  etching 
techniques#  to  our  knowledge,  only  few  reports  have  been  published  on 
the  study  of  sputter  etching  effects.9,10 

For  the  first  time,  we  present#  in  this  report,  the  performance  of 
p-n  junctions#  fabricated  on  compositionally  graded  p-type  Hg1.xCd^Te 
grown  by  MBE,  using  a  simple  diode  sputtering  system. 

2.  FABRICATION 

The  starting  materials  were  p-type  (lll)B  Hg^Cd^Te  layers  grown  in 
a  RIBER-2300  Molecular  Beam  Epitaxy  system.11  P-type  Hg^Cd^Te,  5nm 
thick  with  a  cadmium  composition  x  equal  to  0.27#  was  grown  initially, 
then  the  x  value  was  gradually  increased  in  a  controlled  manner  during 
the  growth  of  the  remaining  0.7^m  Hgi-jCd^Te.  A  thin  cadmium  telluride 
cap  layer  was  evaporated  in  situ  to  protect  the  Hg1.,CdxTe  surface.  The 
overall  x  value  of  the  layer  was  deduced  to  be  0.27  from  IR  Transmission 
measurement  at  300  K.  The  carrier  concentration  and  the  mobility  were 
determined  to  be  2.3X101*  Cm"3and  100  Cm2/V-sec  respectively  at  80  K  from 
the  Hall  measurement.  The  minority  carrier  lifetime  was  measured  to  be 
140  nsec  at  77  K  by  the  photodecay  technique.  Secondary  Ion  Mass 
Spectroscopy  measurements  were  carried  out  to  confirm  the  gradual  change 
of  the  x  value.  At  the  surface  of  the  layer#  x  was  deduced  to  be  0.33 
by  taking  the  relative  change  in  the  Cd/Te  ratio.  This  was  in  good 
agreement  with  the  growth  condition.  The  device  areas  were  defined  by 
conventional  photolithography,  which  are  100  diameter  dots.  The 
contact  opening  was  made  by  a  slight  etching  of  the  cadmium  telluride 
cap  layer  in  a  0.01%  solution  of  Br2  in  HBr.  The  sputter  etching  was 
carried  out  at  an  ion  energy  of  400  eV  using  a  diode  sputtering  system. 
Immediately  after  sputtering#  Ni  was  deposited  on  the  n-type  area.  The 
contact  metal  was  defined  using  the  lift  off  technique.  Long  stripes 
of  Au  contacts  were  electrochemically  deposited  on  the  p-type  layer. 
During  the  processing#  the  temperature  never  exceeded  60  c  and  the  layer 
was  not  subsequently  annealed.  The  schematic  diagram  of  the  resulting 
device  structure  is  shown  in  Fig.  1.  The  current-voltage  characteristic 
and  the  photovoltaic  effect  at  80  K  are  shown  in  Fig.  2. 

3.  ELECTRICAL  AND  OPTICAL  MEASUREMENTS 

The  electrical  measurements  were  taken  in  a  Joule  Thomson 
refrigerator.  Fig.  3  shows  the  current-voltage  characteristics  of  a 
representative  device  at  three  different  temperatures:  143  K  in  the 
diffusion  region,  ill  K  in  the  generation-recombination  region  and  83 
K  in  the  tunneling  region  of  the  zero  bias  resistance-area  product 
dependence  on  temperature.  The  analysis#  in  forward  bias#  was  carried 
out  by  fitting  the  current-voltage  data  points  to  the  modified 
Shockley's  diode  equation#  considering  the  series  resistance  effect  in 
the  high  current  region: 

V  -  IR,-I0(exp(qV/nKT)-l) 

q  is  the  electronic  charge#  V  the  applied  voltage#  k  the  Boltzman 
constant#  T  the  absolute  temperature#  Is  the  saturation  current#  n  the 
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ideality  factor  and  R,  the  series  resistance.  After  the  fitting  of  the 
current-voltage  curves  at  various  temperatures ,  the  series  resistance 
extracted  from  the  fitting  was  compared  with  the  resistivity  measured 
by  Hall  effect  measurements.  They  were  in  good  agreement.  The  fitting 
at  142  K  was  excellent  for  explaining  the  ideal  diode  behavior  of  the 
current-voltage  characteristics  in  the  diffusion  region,  where  the 
ideality  factor  is  unity.  The  saturation  current  in  forward  bias  is 
slightly  less  than  in  reverse  bias.  This  is  consistent  with  the  results 
of  Faurie  et  al.3  The  temperature  dependence  of  the  zero  bias 
resistance-area  product  is  shown  in  Fig.  4.  For  the  diffusion  region 
at  temperatures  above  125  K,  the  temperature  dependence  of  the  zero  bias 
resistance-area  product  gives  an  activation  energy  of  200  meV,  which  is 
less  than  the  optical  band  gap  (  243  meV  at  83  K) .  However,  this 
discrepancy  is  usually  observed  between  electrical  and  optical  data. 
As  the  temperature  decreases,  the  current -voltage  curve  in  forward  bias 
shows  two  separate  slopes  in  small  bias  region  and  large  bias  region. 
In  this  case,  the  fitting  was  carried  out  in  two  separate  current 
regions.  From  the  cur rent- volt age  curve  at  111  K,  the  ideality  factors 
were  determined  to  be  2  in  the  small  bias  region  and  1.17  in  the  large 
bias  region.  The  generation-recombination  current  becomes  dominant  in 
the  small  bias  whereas  the  diffusion  current  still  prevails  in  large 
forward  bias  regions.  This  illustrates  the  fact  that  the  zero  bias 
resistance-area  product  in  the  temperature  range,  100  K  to  120  K,  is  due 
to  generation-recombination  in  the  depletion  region,  thus  showing  the 
temperature  dependence  of  Eg/2.  For  temperatures  lower  than  100  K,  the 
ideality  factor  in  the  high  current  region  increases  slowly  up  to  1.7 
at  83  K  and  the  change  in  the  slope  becomes  insensitive  to  temperature 
variations  at  small  biases.  This  indicates  that  the  current  in  small 
bias  is  related  to  the  thermally  assisted  tunneling  mechanism.12  The 
performance  of  a  linear  array  of  detectors  can  be  represented  by  the 
histogram  of  the  dynamic  resistance  of  the  junctions  as  shown  in  Fig. 
5.  These  were  32  devices  within  a  certain  area  and  were  measured  at  150 
K  in  the  diffusion  region  of  the  zero  bias  dynamic  resistance.  It  shows 
the  very  good  uniformity  of  the  devices  at  the  operating  temperature. 

The  junction  depth  was  characterized  by  the  differential  Hall  and  the 
spreading  resistance  measurements.  They  give  depths  of  l  and  0.8  pm, 
respectively  for  this  layer.  Considering  the  junction  depth  of  ion 
implanted  diodes,  which  is  typically  2  to  5  pm,  the  investigated 
junction  was  shallower.  However  the  measured  junction  depth  for  other 
processed  MBS  grown  layers  varied  from  layer  to  layer.  This  is  probably 
due  to  the  preferential  mercury  diffusion  along  the  defects,  such  as 
dislocations  and  twin  boundaries  often  present  in  MBS  grown  (lll)B 
layers.  Further  study  is  currently  being  carried  out  to  determine  the 
junction  depth,  the  carrier  concentration  and  the  minority  carrier 
lifetime  of  the  converted  n-type  layer. 

One  interesting  feature  of  these  devices  is  the  spectral  response, 
as  shown  in  Fig.  6.  It  shows  double  peaks,  one  at  3.8  pm  and  the  other 
at  2.8  pm  and  the  signals  are  comparable.  This  can  be  explained  by 
considering  the  planar  junction  with  two  diodes  connected  in  parallel, 
one  with  a  low  x  value  (0.27)  in  the  vertical  direction  and  the  other 
with  high  x  value  (0.33)  in  a  direction  parallel  to  the  surface.  Since 
the  vertical  junction  area  is  assumed  to  be  much  larger,  it  is  dominant 
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in  the  electrical  measurement.  But  for  the  optical  measurement,  the 
junction  of  the  high  x  value  becomes  dominant  in  the  short  wavelength 
region,  where  the  junction  of  the  low  x  value  has  less  spectral 
response.  The  minority  carriers  generated  by  the  radiation  in  the  high 
x  value  p-type  layer  can  either  diffuse  into  the  depletion  region  of  the 
high  x  value  junction,  or  be  swept  to  the  low  x  value  layer  and  then 
diffuse  into  the  depletion  region  of  the  low  x  value  junction.  The 
responsivity  was  measured  with  a  500  K  blackbody  radiation  source  at  80 
K.  It  was  determined  to  be  7.2  A/W.  Since  the  compositional ly  graded 
layer  at  the  p-type  surface  acts  as  an  electrically  reflecting  boundary 
for  the  minority  carriers,13  the  minority  carriers  generated  by  the 
radiation  are  repelled  by  the  high  x  value  layer. 

4.  SUMMARY 

We  have  presented  the  fabrication  of  junctions  on  Hg^Cd^Te  grown 
by  MBE,  using  low  energy  ion  sputter  etching.  Several  groups0’10,11  have 
shown  that  the  origin  of  the  n-type  conversion  is  due  to  the  mercury 
diffusion  into  the  bulk  of  the  layer  from  the  very  thin  surface  layer 
within  the  projected  energy  range  of  the  ions.  In  contrast  to  ion 
implantation  creating  n-type  conversion  mainly  by  extended  induced 
damages,  this  technique  can  actually  improve  n-type  material  properties 
by  decreasing  its  degree  of  compensation.11  This  technique  is  comparable 
to  the  ion  implantation  for  the  fabrication  of  microdevices,  except  for 
the  fact  that  it  uses  lower  ion  energies.  Low  energy  ion  sputtering 
might  be  expected  to  be  better  than  ion  implantation  in  view  of  less 
process- induced  damages  during  the  junction  formation,  the  control  of 
the  shallow  junction  depth  and  the  n-type  layer  carrier  concentration. 
This  technique  can  be  applied  for  in  situ  junction  technology  in  a  MBE 
chamber.  Furthermore,  the  fabrication  costs  using  this  technique  are 
very  inexpensive  compared  to  the  ion  implantation. 

The  current-voltage  characteristics  in  three  different  temperature 
regions  along  with  the  zero  bias  resistance-area  product  corresponding 
to  the  diffusion,  generation-recombination  and  tunneling  regimes  were 
presented.  The  current-voltage  characteristics  show  the  diffusion 
behavior  at  small  bias,  for  temperatures  higher  than  125  K.  The 
generation-recombination  current  is  dominant  for  the  temperature  range 
100  K  to  125  K  and  the  tunneling  current  is  dominant  at  temperatures 
below  100  K,  at  small  bias.  The  product  of  zero  bias  resistance-area 
is  2 . 4X103  ohm- Cm3  at  80  K.  Finally  double  peaks  are  seen  in  the 
spectral  response,  which  is  due  to  the  compositional  heteroj unction  at 
the  surface*  This  is  advantageous  for  the  optical  detection  because  the 
large  band  gap  layer  acts  as  the  electrical  reflecting  boundary  in  the 
long  wavelength  where  the  low  x  value  layer  is  active.  It  also  prevents 
the  exposure  of  the  sensitive  narrow  band  gap  semiconductor  surface. 
A  reponsivity  as  high  as  7.2  A/W  was  achieved  owing  to  the  larger  x 
value  layer  on  the  surface.  This  value  was  higher  than  that  of  other 
homoj unctions  grown  by  MBE  with  the  same  process.  The  structure  could 
also  be  utilized  for  the  double  wavelength  detection  by  controlling  the 
band  gap  of  the  compositional  hetero junction. 


176  /smvot  f  toe  futon  Infiand  Dmtetor  M«ari*a(l999l 


5.  ACKNOWLEDGE 


ca 


This  work  has  bean  supported  by  DARPA  and  monitored  by  ARO  under  the 
contract  #  F49620-87-0021.  One  of  us  (M.DeSouza)  has  also  a  scholarship 
from  CNPQ (Brazil) . 


6.  REFERENCES 

1.  J.  P.  Faurie,  A.  Million,  R.  Boch  and  J.  L.  Tissot,  J.  Vac. 
Sci.  Technol.  A  1,  1953  (1983) 

2.  J.  M.  Arias,  S.  H.  Shin,  J.  6.  Pasko  and  E.  R.  Gertner, 

Appl.  Phys.  Lett.  52,  39  (1988) 

3.  J.  P.  Faurie,  S.  Sivananthan,  M  Lange,  R.  E.  Dewames,  A.  M. 

B.  Vandewyck,  G.  M.  Williams,  D.  Yamini  and  E.  Yao,  Appl. 

Phys.  Lett.  52,  2151  (1988) 

4.  J.  M.  Arias,  S.  H.  Shin,  J.  G.  Pasko,  R.  E.  DeWames  and  E. 

R.  Gerter,  J.  Appl.  Phys.,  65,  1747  (1989) 

5.  G.  L.  Destefanis,  Journal  of  Crystal  Growth,  86,  700,  (1988) 

6.  A.  K.  Kolodny  and  I.  Kidron,  IEEE  ED-27,  no.l,  37,  (1980) 

7.  L.  0.  Bubulac,  J  of  Crystal  Growth,  86,  723,  (1988) 

8.  J.  T.  M.  Wotherspoon,  UK  Patent  GB  2095898,  1981 

9.  H.  M.  Nitz,  O.  Ganschov,  U.  Kaiser,  L.  wiedmann  and  A. 

Bennignhoven,  Surface  Science  104,  365  (1981) 

10.  G.  Bahir  and  E.  Finkman,  J.  Vac.  Sci.  Technol. A7, 348 (1989) 

11.  J.  P.  Faurie,  J.  Reno,  S.  Sivananthan,  I.  K.  Sou,  X.  Chu,  M. 
Boukerche  and  P.  S.  Wijevarnansuriya,  J.  Vac.  Sci.  Techol.  A4, 586(1986) 

12.  R.  E.  DeWames,  G.  M.  Williams,  J.  G.  Pasko  and  A.  H.  B. 
Vanderwyck,  J.  Cryst.  Growth  86,  849  (1988) 

13.  M.  B.  Reins,  A.  K.  Sood  and  T. J.Tredwell,  in  Semiconductor  and 
Semimetals,  vol.  18,  p299.  Academic  Press,  New  York  (1981) 


SFKVit  HMfuhnmtrmm 


n$w/  trr 


VI  SURFACE  AND  INTERFACE  STUDIES 


VI-1  HgTe-CdTe  SUPERLATTICES:  Hg  INCORPORATION  IN  CdTe  LAYERS 
DURING  MBE  GROWTH 


It  has  been  shown  in  1982  that  HgTe-CdTe  superlattices  (SLs)  could  be  grown 
by  MBE.  But  due  to  the  noncongruent  evaporation  of  Hg  from  HgTe,  the  Hg  flux 
must  be  maintained  even  during  the  growth  of  the  CdTe  layers.  This  means  that 
some  Hg  is  incorporated  in  the  CdTe  during  its  growth.  There  are  two  important 
questions  that  arise.  First,  how  will  this  Hg  incorporation  affect  the  bandgap  of 
the  SL.  Second,  how  much  Hg  Is  in  the  CdTe. 

We  determine  the  period  of  the  SL  by  the  position  of  the  X-ray  satellite 

peaks.  The  average  Hg  composition  in  the  SL  is  then  measured  by  EDS.  The 
period  and  the  average  Hg  composition  are  then  used  to  compute  the  individual 
layer  thicknesses  if  the  percentage  of  Hg  in  the  CdTe  is  known.  Using  this 
method,  for  the  same  period  and  average  Hg  composition,  as  the  amount  of  Hg  in 
the  CdTe  increases  several  things  will  occur.  First,  the  thickness  of  the  HgTe 
layers  will  decrease.  This  will  tend  to  increase  the  bandgap.  Second,  the  CdTe 
will  become  Hg^d^Te  with  a  smaller  bandgap.  This  decrease  in  the  barrier 

height  will  tend  to  decrease  the  SL  bandgap.  Finally,  the  width  of  the  Hg^dj. 
xTe  will  increase.  This  will  have  a  small  tendency  to  increase  the  bandgap.  The 
total  effect  on  the  SL  bandgap  of  all  these  changes  would  be  small. 

We  have  grown,  with  a  Hg  flux,  thick  layers  of  CdTe  under  the  same  conditions 
as  in  our  SLs  [190  to  200°C  on  (1 1 1)B].  The  amount  of  Hg  measured  in  the  layer 
by  EDS  was  less  than  5%.  On  a  series  of  thin  CdTe  (111)B  layers  grown  under  a 

Hg  flux  the  amount  of  Hg  was  carefully  measured  by  XPS.  This  is  done  using 

both  the  ratio  of  the  peak  areas  and  the  difference  in  energy  between  the  core 
level  and  valence  band  maximum.  For  the  growth  conditions  that  we  actually  use 
in  our  SLs,  these  results  agree  with  those  obtained  for  the  thick  layers.  The  Hg 
incorporation  varies,  up  to  9%,  depending  on  the  growth  conditions.  This  should 
only  slightly  affect  the  characteristics  of  the  HgTe-CdTe  SLs  and  other  micr¬ 
ostructures,  such  as  single  and  double  barrier  tunneling  structures. 

These  results  indicate  that  some  Hg  is  incorporated  In  the  CdTe  but  that 
under  our  normal  conditions  this  amount  is  small.  The  Hg  incorporation  Is  crystal 
orientation  dependent.  For  the  (100)  surfaces,  about  15%  Hg  are  observed  for 


growth  conditions  identical  to  those  used  for  the  (111), 
see  the  attached  paper. 
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HgTe-CdTe  superlattices  and  other  microstructures  such  as  single  and  double  barrier 
tunneling  structures  are  commonly  grown  by  molecular  beam  epitaxy  with  the  mercury  flux 
continuously  on  the  sample  during  the  growth.  This  means  that  some  mercury  will  be 
incorporated  in  the  CdTe  layers.  We  present  here,  for  the  first  time,  a  measurement  of  the 
amount  of  mercury  incorporated  in  thin  layers  of  CdTe.  X-ray  photoelectron  spectroscopy  was 
used  to  measure  the  amount  of  mercury.  The  amount  of  mercury  was  found  to  be  between  3 
and  9%  for  CdTe  ( 1 1 1  )4,  depending  on  the  growth  conditions.  The  amount  of  mercury  was 
found  to  increase  with  mercury  flux  and  to  decrease  as  the  substrate  temperature  was 
increased.  Under  the  same  conditions,  it  was  found  that  much  more  mercury  was  incorporated 
in  the  ( 100)  orientation.  The  type  of  substrate  (CdTe  or  GaAs)  was  not  found  to  influence  the 
results.  These  results  indicate  that  the  amount  of  mercury  in  the  CdTe  layers  of  HgTe-CdTe 
superlattices  is  not  quite  as  low  as  expected  from  measurements  of  thick  CdTe  layers,  but  it  can 
be  low  enough  that  it  does  not  influence  significantly  the  results  on  the  superlattice  system  in 
the  (111)  orientation. 


HgTe-CdTe  superlattices  have  been  proposed  as  a  new, 
interesting  infrared  material. 1,1  It  has  been  shown  that  they 
can  be  grown  by  molecular  beam  epitaxy  (MBE).1  It  has 
also  been  shown  that  the  best  growth  temperature  is  180- 
200  *C.3  At  this  temperature  the  mercury  condensation  co¬ 
efficient  is  about  10-1.4  This  means  that  a  large  mercury 
overpressure  is  needed  to  grow  HgTe.  It  also  implies  that 
mercury  will  easily  and  noncongruently  evaporate  from 
HgTe.  Due  to  this  problem,  the  common  growth  technique 
for  HgTe-CdTe  superlattices  and  other  microstructures 
such  as  single  and  double  barrier  tunneling  structures  in¬ 
volves  leaving  the  Hg  source  open  at  all  times. M  Thus,  there 
is  a  mercury  flux  on  the  sample  during  the  growth  of  the 
CdTe  layers.  A  competition  then  occurs  between  the  Hg  and 
Cd  atoms  for  lattice  sites.  As  a  result,  the  CdTe  layers  may 
not  be  pure  CdTe  but  instead  be  Hg,  .jCd.Te  with  some 
percentage  of  mercury. 

This  problem  was  recognized  by  the  first  people  to  grow 
HgTe-CdTe  superlattices  on  CdTe  (111)4  substrates.  They 
grew  thick  layers  of  CdTe  under  the  same  conditions  as  in 
the  superlattice,  including  the  presence  of  the  Hg  flux.  The 
Hg  content  was  then  measured  by  energy  dispersive  spec¬ 
troscopy  (EDS).  It  was  found  that  the  CdTe  contained  less 
than  3%  mercury.7  When  we  began  to  grow  HgTe-CdTe 
superlattices  at  the  University  of  Illinois,  we  repeated  these 
experiments  with  the  same  results.1  This  small  amount  of 
mercury  should  only  slightly  influence  the  characteristics  of 
the  superlattices  such  as  the  band  gap  and  the  valence-band 
discontinuity.  Therefore,  it  was  neglected.  The  only  question 
was  whether  the  results  for  a  thick  layer  were  the  same  for 
the  thin  layer  in  the  superlattice. 

Recently,  it  has  been  suggested  that  the  amount  of  mer¬ 
cury  in  the  CdTe  layers  of  the  superlattice  might  not  be  as 
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small  as  previously  thought*  For  this  reason  we  have  per¬ 
formed  the  first  measurements  of  the  amount  of  mercury 
incorporated  in  thin  CdTe  layers  grown  with  a  mercury  flux. 
We  have  also  looked  at  how  the  amount  of  mercury  incorpo¬ 
rated  depends  upon  the  substrate  temperature,  the  mercury 
flux,  the  CdTe  growth  rate,  and  on  the  type  and  orientation 
of  the  substrate. 

The  samples  were  all  grown  at  the  University  of  Illinois 
in  a  Riber  2300  MBE  machine.  CdTe  substrates  oriented  in 
the  (100)  and  the  (111)4  were  used.  Additionally, 
GaAs(  100)  with  both  ( 100)  and  ( 1 1 1  )4  CdTe  buffer  layers 
were  used.  The  substrate  preparation  and  the  growth  of  the 
appropriate  buffer  layer  have  been  discussed  elsewhere.’ 
The  Te  flux  was  kept  constant  throughout  the  experiment 
The  flux  was  chosen  so  that  the  HgTe  growth  rate  was  about 
3  A/s  on  a  CdTe(  1 1 1  )4  substrate.  A  CdTe  growth  rate  of  1 
A/s  was  used  throughout  the  experiment  except  when  that 
growth  rate  was  the  parameter  being  varied  These  growth 
rates  are  typical  of  those  used  in  the  growth  of  HgTe-CdTe 
superlattices.  The  substrate  temperature  was  measured  us¬ 
ing  a  chromel-alumd  thermocouple  in  contact  with  the  sam¬ 
ple  holder  and  by  an  infrared  pyrometer.  These  measure¬ 
ments  have  been  calibrated  using  the  melting  temperatures 
of  indium  and  tin. 

The  structure  of  the  samples  was  chosen  to  be  similar  to 
that  of  the  superlattices.  On  the  buffer  layer  a  HgTe  layer 
with  a  thickness  of  80-100  A  was  grown  first  This  was  im¬ 
mediately  followed  by  a  CdTe  layer  130-170  A  thick.  The 
CdTe  layer  was  grown  with  the  Hg  flux  still  on  the  sample. 
The  Hg  concentration  in  the  CdTe  layers  was  measured  by  x- 
ray  photoelectron  spectroscopy  (XPS)  using  both  the  ratio 
of  peak  areas  and  the  energy  difference  between  the  Hg  3d  or 
Cd  4d  core  level  and  the  valence-band  mmnmum  ( VBM), 
For  Hg,  _„Cd,Te,  this  energy  difference  can  be  shown  to 
reflect  the  position  of  the  VBM  on  an  absolute  energy  scale, 
because  the  catioo  core  levels  are  virtually  independent  on 
the  alloy  composition  x.*,>0  The  position  of  the  VBM  is 
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known  in  turn  to  be  very  sensitive  to  the  composition  x.1 10 
Therefore,  the  binding  energy  of  the  Hg  5 d  and  Cd  44  core 
levels  with  respect  to  the  VBM  can  be  used  to  determine  the 
alloy  composition  x.  Several  samples  were  grown  without 
the  HgTe  layer  on  the  bottom  to  see  if  its  presence  changed 
the  measurement  No  difference  was  found  in  the  Hg  con¬ 
centration  in  the  CdTe  whether  the  HgTe  was  present  or  not. 
First  with  the  Te  and  CdTe  t luxes  constant,  the  substrate 
temperature  and  the  Hg  flux  were  varied  to  determine  their 
influence  on  the  Hg  incorporation. 

The  samples  were  kept  under  ultrahigh  vacuum  condi¬ 
tions  as  they  were  transferred  to  the  XPS  chamber.  The  XPS 
measurements  were  performed  with  an  SSX-100  spectrom¬ 
eter  from  Surface  Science  Laboratories.  A  monochroma- 
tized  and  focused  Al  Ka  excitation  line  was  used.  The  over¬ 
all  energy  resolution  measured  on  the  Au  4 <fin  core  level  is 
0.7  eV.  The  core  levels  used  in  this  work  were  the  Hg  4/ and 
3d,  the  Cd  4 id  and  3d,  and  the  Te  4d  and  3d.  The  values  of  the 
peak  areas  and  positions  of  all  the  core  levels  were  deter¬ 
mined  by  a  detailed  analysis  of  the  spectra  by  a  least-squares 
fit  of  individual  spin-orbit  doublets  to  the  data.  The  line 
shape  used  for  the  fits  was  a  Lorentzian  convoluted  with  a 
Gaussian.  A  nonlinear  background  was  subtracted  from  the 
spectra  prior  to  the  fitting  procedure. 

Figure  1  shows  a  typical  result  for  the  spectrum  of  the 
Cd  4d  and  the  Hg  3d  core  levels.  This  is  the  most  difficult 
case  due  to  the  large  number  of  overlapping  peaks.  The  fit 
reveals  the  existence  of  two  Hg  components.  These  two  com¬ 
ponents  will  be  called  Hg!  1  ’  andHg(2>  in  the  following  dis¬ 
cussion.  From  its  binding  energy  with  respect  to  the  VBM, 10 
Hg(l>  can  be  clearly  identified  as  Hg  in  Hg,  _*Cd, Te.  The 
origin  of  Hg<2> ,  at  about  600  meV  higher  binding  energy,  is 
not  yet  fully  understood.  We  believe  that  Hg'21  is  some  sort 
of  surface  mercury.  Further  experiments  are  still  in  progress 
to  clarify  this  point  Only  the  component  Hg(l> ,  associated 
with  Hg  in  Hg,  _,Cd,  Te,  was  used  in  our  measurements.  It 


FIO.  I.  Typical  XPS  spectrum  from  a  CdT«  layer  grown  with  a  mercury 
IHu.  The  daeh^oned  tine  is  the  mult  of  a  lcaat-squaita  St  to  the  data.  The 
dialled  tinee  represent  the  individual  components  used  far  this  Bt.  The  back¬ 
ground  ie  represented  by  the  solid  line.  The  dots  are  the  caperimental  data. 


is  the  only  one  that  should  influence  the  band  gap,  if  Hg  ;  ;s 
indeed  a  surface  phenomenon. 

To  obtain  the  binding  energies  (£a  -  £v  )  used  for  the 
determination  of  the  Hg  concentration,  the  position  of  the 
VBM  was  determined  simply  by  a  linear  extrapolation  of  the 
valence-band  leading  edge.  This  procedure  has  proven  to  be 
reproducible  and  very  accurate  for  Te-based  II- VI  semicon¬ 
ductors.  1 1  Since  the  binding,  energy  defined  above  is  very 
sensitive  to  the  Hg  concentration  in  Hg,  _,Cd,Te,10  it  can 
be  used  to  determine  the  amount  of  Hg  in  the  CdTe.  As  can 
be  seen  in  Table  I,  there  is  good  agreement  between  the  two 
methods.  This  gives  us  confidence  in  our  results  and  in  neg¬ 
lecting  the  Hg(2>  component.  This  procedure  implies  the 
measurement  of  the  valence-band  energy  distribution  curve 
and  is  thus  highly  time  consuming.  Therefore,  it  was  not 
applied  systematically  to  all  the  samples. 

In  order  to  compare  our  previous  results  for  a  thick  lay¬ 
er  with  these  for  a  thin  layer,  we  grew  a  thick  CdTe  layer  and 
checked  the  Hg  concentration  with  both  XPS  and  EDS.  The 
growth  conditions  were  similar  to  those  used  for  the  thin 
layers  ( T =  195 *C,  Hg  flux*  1.6X1017  cm-2s_l,  and 
CdTe  growth  rate  1  As-1).  The  results  from  EDS  agreed 
with  all  of  our  earlier  work  and  gave  a  value  of  about  3%  Hg 
in  the  CdTe.  The  XPS  results  on  this  layer  gave  a  Hg  concen¬ 
tration  of  3%.  This  difference  is  within  the  range  of  experi¬ 
mental  error,  but  it  may  also  indicate  that  there  is  a  slight 
difference  in  the  Hg  concentration  with  depth. 

The  homogeneity  of  the  Hg  distribution  with  depth  can 
be  checked  by  comparing  results  from  core  levels  at  different 
binding  energies.  In  our  case  the  determinations  using  the 
Hg  4f,  Cd  34,  and  Te  3 4  core  levels  an  more  surface  sensi¬ 
tive  than  those  using  the  Hg5rf,Cd  44,  and  Te  4 4  lines.  This 
is  due  to  the  smaller  escape  depth  for  the  Cd  34  and  Te  34 
photoelectrons  (A=  13  A)  compared  to  the  Cd  44  and  Te  44 
(A  s  20  A) .  We  found  that  the  more  surface-sensitive  deter¬ 
minations  systematically  yielded  slightly  higher  concentra¬ 
tions.  Compared  with  EDS,  XPS  is  primarily  a  surface  tech¬ 
nique.  The  observed  surface  enrichment  is  thus  consistent 
with  the  difference  between  the  bulk  results  from  EDS  and 
the  XPS  results.  Further  investigations  with  good  depth  re¬ 
solution  would  certainly  be  very  desirable  to  confirm  (or 
infirm)  this  point 

Table  I  summarizes  the  Hg  concentrations  determined 
by  XPS  for  the  different  substrate  and  Hg  cell  temperatures. 
The  Hg  concentrations  determined  by  both  XPS  methods 
are  given.  The  values  given  in  the  table  baaed  on  peak  area 


TABLET  Hg  to  Tendon  CdTt  grows  with  a  Hgftu  on  CdTe  (uhnniaa, 
along  with  tha  growth  rcwrtitioaa.  T,  ia  tha  tnbnrote  impnnwt  The 
CdTe  growth  rata  waa  held  constant  at  ahoot  I  A/a. 


Substrate 
orten  taboo 

T, 

rc> 

(I0'’cn-**-') 

1  —  X 

(am  rate) 

1  -  M 

bndngiwrgm) 

(HD# 

175 

1.6 

0.063  ±0.009 

0.0S7  £  0  020 

(III)# 

Its 

1.6 

0.065  ±0.015 

0.031  «0020 

(UD# 

198 

1.6 

0.057*0.016 

(III)# 

19$ 

0.19 

0.0*5  ±0.010 

00^0  £  0  020 

(III)# 

195 

1.6 

0.057*0.016 

(III)# 

195 

12 

0.065  *  0.0)6 

0  100  £  0  020 

(100) 

ISS 

1.6 

0.147*0.016 

Ronoorat 
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ratios  are  average  values  from  four  different  sets  of  core  level 
spectra.  Relative  sensitivity  factors  were  determined  for  our 
instrument  from  MBE  grown  HgTe  (111)  and  CdTe  (111) 
samoles. 

rhe  Hg  flux  was  determined  using  Knudsen’s  effusion 
law,  which  is  a  good  approximation  in  this  case  for  the  direc¬ 
tion  normal  to  the  evaporating  surface.  A  change  of  the  sub- 
strat  ■  temperature  by  10  *C  will  change  the  Hg  condensation 
coefficient  by  about  a  factor  of  1 . 5  .*  Several  striking  features 
are  observed  from  this  table.  First,  for  these  growth  condi¬ 
tions  on  CdTe  ( 1 1 1  )5  the  amount  of  Hg  incorporated  is 
much  less  than  20%. 12  Second,  the  overall  agreement 
between  the  area  ratio  and  the  binding  energy  results  is  good. 
Third,  the  amount  of  Hg  incorporated  follows  the  genera! 
trends  expected  from  the  growth  conditions,  and  the  relative 
magnitudes  are  in  reasonable  agreement  with  the  Hg  flux 
and  condensation  coefficient  variations.  Fourth,  a  Hg  con¬ 
centration  of  5%  was  obtained  by  the  correct  selection  of  the 
growth  conditions  and  we  have  obtained  a  value  as  low  as 
3%  in  a  second  set  of  experiments. 

It  has  been  reported  that  for  a  CdTe  (211)  substrate  the 
amount  of  Hg  incorporated  is  about  20%. 11  We  have  also 
shown  that  the  Hg  condensation  coefficient  varies  depend¬ 
ing  on  the  orientation  of  the  substrate. 14  For  this  reason,  we 
have  also  investigated  CdTe  ( 100).  The  fluxes  were  the  same 
as  used  for  the  ( 1 11  )5.  The  results  are  also  given  in  Table  I. 
The  difference  in  the  Hg  incorporation  is  very  large  and  op¬ 
posite  to  our  initial  expectations,  since  Hg  on  CdTe  ( 100) 
has  the  smaller  condensation  coefficient  of  these  two  orien¬ 
tations.  We  do  not  understand  these  results,  but  they  show 
once  again  that  MBE  growth  cannot  be  treated  by  a  classical 
thermodynamic  approach  using  the  law  of  mass  action  and 
neglecting  surface  kinetics. 

We  performed  a  second  set  of  experiments  to  check  the 
dependence  of  the  Hg  incorporation  on  the  CdTe  growth 
rate  and  on  the  type  of  substrate.  The  Te  and  Hg  fluxes  were 
kept  constant.  The  results  are  given  in  Table  II. 

The  first  point  that  can  be  seen  from  these  results  is  that 
it  does  not  matter  whether  a  CdTe  (111)5  substrate  or  a 
GaAs  ( 100)  substrate  with  a  CdTe  ( 1 1 1  )B  buffer  is  used  to 
grow  the  layers.  The  Hg  incorporation  is  shout  the  same  for 
the  two  different  substrates.  The  second  point  is  that  the  Hg 
incorporation  appears  to  increase  with  the  CdTe  growth 
rate.  We  do  not  have  much  data,  but  the  trend  appears  to  be 
in  this  direction. 

It  was  also  found  that  the  quality  of  the  surface  prior  to 
the  growth  of  our  structures  could  dramatically  influence 
the  amount  of  Hg  incorporated.  If  the  same  substrate  was 
reused  frequently  and  thus  re-etched  several  times  or  an  ina¬ 
dequate  buffer  layer  was  grown,  a  significantly  larger  Hg 
incorporation  was  found.  This  means  that  extreme  care  must 
be  taken  not  only  when  doing  this  type  of  experiment  but 
also  when  preparing  a  substrate  on  which  to  grow  a  superlat¬ 
tice. 

In  conclusion,  we  have  presented  for  the  first  time  a 
measurement  of  the  amount  of  mercury  incorporated  in  thin 
layers  of  CdTe  grown  under  mercury  flux.  The  growth  con¬ 
ditions  and  the  structures  were  chosen  to  be  similar  to  those 
in  HgTe-CdTe  superlattices.  When  careAilly  prepared,  lay- 


TABLE  (I.  Hg  to  T«  ratio  in  CdTe  grown  with  i  Hg  nong  *un  :ne 
growth  conditions.  Ail  were  grown  on  a  CdTe  ( 1 1 1  )B  buffer  layer  but  the 
initial  substrate  was  varied.  7",  is  the  substrate  temperature.  Estimated  Hg 
flu*:  l.6x  10,’cm",s*1. 


Subetrate 

r. 

ro 

CdTe  growth 
rate  (A/») 

1  —  X 

(area  ratiot) 

1  -  X 

(binding  energies) 

CdTe 

195 

0.5 

0.030  ±  0.004 

0.0*3  ±  0.020 

CdTe 

195 

1.0 

0.057  ±0.016 

CdTe 

195 

2.0 

0.07*  ±  0.00 8 

GaAa 

US 

1.0 

0.065  ±  0.007 

0.0*3  ±  0.020 

GaAs 

195 

1.0 

0.036  ±  0.008 

ers  grown  on  CdTe  ( 1 1 1  )B  were  found  to  contain  between  3 
and  9%  mercury.  The  amount  of  mercury  was  found  to  in¬ 
crease  with  the  mercury  flux  and  the  CdTe  growth  rate,  and 
to  decrease  as  the  substrate  temperature  was  increased.  We 
did  not  observe  any  significant  dependence  of  the  amount  of 
mercury  incorporated  on  the  type  of  substrate  but  there  was 
a  large  dependence  on  the  orientation  of  the  substrate.  We 
found  that  much  more  mercury  was  incorporated  for  ( 100 ) 
than  for  (111)5  prepared  under  the  same  conditions.  We 
thus  expect  the  Hg  incorporation  in  CdTe  ( 100)  to  be  even 
more  important  under  normal  growth  conditions. 14  This  de¬ 
pendence  of  the  amount  of  mercury  incorporated  on  the 
growth  conditions  and  the  substrate  orientation  means  that 
care  must  be  taken  when  comparing  results  between  differ¬ 
ent  groups.  Also,  dramatic  increases  in  the  amount  of  Hg 
incorporated  can  occur  if  the  initial  surface  is  not  properly 
prepared.  These  results  indicate  that  the  amount  of  mercury 
incorporated  into  carefully  prepared  (111)5  superlattices  is 
small  enough  that  it  should  not  significantly  influence  the 
characteristics  of  the  superlattices  previously  reported,  and 
in  particular  the  value  of  the  valence-band  discontinuity  and 
the  band  gaps. 
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VI-2  X-RAY  PHOTOEMISSION  STUDY  OF  Hg  CLUSTERS  ON  Hg^CdxTe  SURFACES 


The  (1 11)B  surface  of  MBE-grown  Hg^CdxTe  samples  has  been  studied  in  detail 
using  x-ray  photoemission  spectroscopy  (XPS).  The  composition  of  the  samples  was 
in  the  range  x  =  0.15  to  0.97.  The  smaller  x  values  were  obtained  with  three  MBE 
sources  (CdTe,  Te  and  Hg)  as  usual,  whereas  only  two  sources  (CdTe  and  Hg)  were 
used  to  obtain  the  larger  values.  A  monochromatized  and  focussed  At  Ka  excitation 
line  was  used  for  the  XPS  measurements. 

Two  types  of  Hg  have  consistently  been  found  for  all  the  samples.  These  two 
types  of  Hg  will  be  labeled  Hg[1]  and  Hg[2]  hereafter.  From  the  binding  energy  with 
respect  to  the  valence-band  maximum,  Hg[i]  is  clearly  identified  as  Hg  in  HgCdTe. 
The  second  component  is  found  at  higher  binding  energy  and  is  attributed  to  the 
presence  of  small  Hg  clusters  on  the  HgCdTe  surface.  The  radius  of  these  clusters 
is  deduced  from  the  Hg[2]4f7/2  intensity  measured  with  XPS.  Values  between  5-2oA 
are  obtained.  The  Hg[2]4f7/2  binding  energy  increases  with  decreasing  cluster 
size.  This  is  explained  by  the  Coulomb  energy  ~  ea/r  due  to  the  unit  charge 
appearing  on  the  cluster  during  the  photoemission  process^1  \  This  charge  is  not 
neutralized  within  the  time  scale  relevant  for  photoemission,  due  to  the  semiconducting 
nature  of  the  substrate.  A  good  agreement  between  the  experimentally  observed 
binding  energy  shift  and  the  calculated  ea/r  behavior  is  observed.  For  large  cluster 
sizes,  a  binding  energy  of  100.2  ±  0.2  eV  is  deduced.  This  is  close  to  the  value 
for  bulk  Hg  (99.9  eV)^. 

The  apparent  spin-orbit  splitting  of  the  Hg(2]5d  levels  decreases  with  decreasing 
cluster  size.  A  total  variation  of  0.5  eV  is  measured.  Our  results  are  smaller  than 
the  value  for  free  Hg  atoms,  except  for  the  largest  cluster  sizes.  This  is  attributed 
to  the  repulsion  between  the  Cd4d  and  Hg5d  levels,  as  initially  discussed  by  Moruzzi 
e,  al.<3>. 

From  the  influence  of  the  sample  preparation  conditions  on  the  amount  of  Hg 
in  the  clusters,  we  conclude  that  Hg  outdiffuslon  is  probably  the  major  reason  for 
the  formation  of  these  clusters. 
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The  presence  of  small  Hg  clusters  (R  =5-20  A)  on  Hg|_,Cd,Te  samples  grown  by  molecular- 
beam  epitaxy  has  been  deduced  from  a  careful  analysis  of  the  x-ray-induced  photoemission  spectra. 

The  positive  binding-energy  shift  measured  for  these  clusters  is  explained  by  the  appearance  of  a 
positive  charge  on  the  clusters  during  the  photoemission  process.  (The  experimental  results  are 
compared  with  the  calculated  el/2R  behavior.)  The  apparent  spin-orbit  splitting  for  the  Hg  id  lev¬ 
els  is  reduced,  compared  to  bulk  Hg  and  to  isolated  Hg  atoms.  This  is  attributed  to  the  repulsion 
between  the  Cd  4 d  and  Hg  id  orbitals.  It  is  shown  that  Hg  out-diffusion  is  the  main  reason  for  the 
formation  of  these  clusters. 


I.  INTRODUCTION 

Studies  of  surfaces  and  interfaces  of  semiconducting 
materials  are  very  important  for  the  development  and  un¬ 
derstanding  of  modem  microelectronic  devices.  Detailed 
investigation  of  the  phenomena  occurring  during  the 
growth  of  such  surfaces  and  interfaces  is  very  important 
due  to  the  still  increasing  miniaturization  of  the  devices 
presenting  a  challenge  to  both  theoreticians  and  experi¬ 
mentalists.  This  paper  deals  with  one  particular  aspect  of 
surface  studies  on  II-VI  compound  semiconductors, 
which  is  the  formation  of  small  mercury  clusters  on  the 
surfaces  of  these  semiconductors. 

Photoemission  has  been  demonstrated  to  be  very 
powerful  for  examining  the  electronic  properties  of  sup¬ 
ported  small  metal  clusters.1-1  The  study  of  such  small 
particles  was  initially  motivated  by  their  technological 
importance  in  heterogeneous  catalysis.4  Small  metal  clus¬ 
ters  have  also  been  detected  in  many  cases  during  the  ear¬ 
ly  stages  of  metal-semiconductor  interface  formation.5-7 
Amorphous  carbon  has  been  the  most  widely  used  sub¬ 
strate  for  detailed  studies  of  the  electronic  properties  of 
small  metal  clusters,  but  other  substrates,  mostly  insula¬ 
tors,  have  been  used  as  well.  In  this  paper  we  present  a 
photoemission  study  of  Hg  clusters  on  CdTe(Ul)  and 
Hg,_,Cd,Te(  111)  substrates.  To  the  best  of  our 
knowledge,  this  is  the  first  detailed  photoemission  study 
of  metal  clusters  on  a  semiconducting  substrate. 

This  work  was  first  motivated  by  an  unexpected  result 
obtained  during  the  study  of  the  Hg  incorporation  in 
CdTe  during  the  growth  of  HgTe-CdTe  superlattices  by 
molecular-beam  epitaxy  (MBE).*  The  common  growth 
technique  for  HgTe-CdTe  superlattices  and  other  super¬ 
structures,  such  as  single  and  double  barrier  tunneling 
structures,  involves  leaving  the  Hg  cell  open  at  all 
times.4,10  As  a  result,  the  CdTe  layers  are  not  pure  CdTe 
layers,  but  instead  Hg|_j,CdxTe  with  typically  3-9%  of 
mercury  for  the  (111)  B  orientation.1  In  addition  to  Hg 
bound  to  Te  atoms,  the  x-ray  photoemission  (XPS) 
analysis  of  such  spectra  revealed  the  existence  of  a  second 
type  of  mercury  with  about  600  meV  higher  binding  ener¬ 
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gy.8  In  the  present  work,  we  show  that  this  second  mer¬ 
cury  component  in  the  Hg  5 d  and  4/  spectra  is  due  to  the 
presence  of  small  Hg  clusters  on  CdTe  and  Hg,_xCdtTe 
surfaces.  The  electronic  properties  as  well  as  the  origin 
of  these  clusters  will  be  discussed. 

II.  EXPERIMENT 

The  samples  were  all  prepared  at  the  University  of  Illi¬ 
nois  at  Chicago  in  a  Riber  MBE  2300  machine.  CdTe 
substrates  oriented  in  the  (111)  B  direction  as  well  as 
GaAs  substrates  with  a  CdTe(lll)  B  buffer  layer  were 
used.  The  substrate  preparation  and  the  growth  of  the 
appropriate  buffer  layer  have  been  discussed  elsewhere.* 
The  layers  analyzed  here  are  Hg,_,CdxTe  with  x  in  the 
range  of  0.15-0.97.  The  smaller  x  values  were  obtained 
with  three  MBE  sources  (CdTe,  Te,  and  Hg)  following 
the  usual  procedure.9  The  larger  values  are  obtained 
with  only  two  sources  (CdTe  and  Hg)  as  described  in  Ref. 
8.  The  sample  temperatures  quoted  here  were  measured 
using  a  Chromel-Alumel  thermocouple  and — whenever 
possible — by  an  infrared  pyrometer.  These  measure¬ 
ments  have  been  calibrated  using  the  melting  points  of  in¬ 
dium  and  tin. 

The  samples  were  kept  under  ultrahigh-vacuum  condi¬ 
tions  as  they  were  transferred  to  the  XPS  chamber.  The 
XPS  measurements  were  performed  with  a  SSX-100  spec¬ 
trometer  from  Surface  Science  Laboratories.  A  mono- 
chromatized  and  focussed  A1  Ka  excitation  line  was 
used.  The  overall  energy  resolution  measured  on  the  Au 
4/  core  level  is  0.7  eV.  The  reference  levels  used  for  this 
study  will  be  specified  as  necessary.  The  position  of  the 
Fermi  level  was  determined  from  the  position  of  the  Au 
4/7/2  line  measured  from  a  bulk  gold  sample.  The  corre¬ 
sponding  binding  energy  was  fixed  at  83.93  eV.  The  core 
levels  used  in  this  work  are  the  Hg  4/  and  id,  the  Cd  id 
and  4 d,  and  the  Te  4 d  and  3 d.  For  all  the  peaks,  the 
values  of  the  area,  position,  and  full  width  at  half  max¬ 
imum  (FWHM)  were  determined  by  a  least-squares  lit  of 
individual  spin-orbit  doublets  to  the  data. 
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III.  RESULTS  AND  DISCUSSION 

The  discussion  of  the  results  will  be  organized  in  three 
parts.  First,  we  will  focus  on  a  detailed  analysis  of  the 
XPS  spectra  from  Hg,_xCdxTe  samples.  It  will  be 
shown  that  two  types  of  Hg  exist  in  these  samples,  one 
being  Hg  bound  to  Te  and  the  other  due  to  the  presence 
of  small  mercury  clusters  on  the  sample  surface.  There¬ 
after,  it  will  be  shown  that  such  Hg  clusters  can  be  ob¬ 
tained  by  depositing  Hg  on  CdTed  1 1)  B  surfaces  at  room 
temperature.  Finally,  we  will  try  to  identify  the  origin  of 
these  clusters  obtained  unintentionally  on  MBE-grown 
Hg,  _xCdxTe  surfaces. 

Typical  photoemission  spectra  from  Hg,_xCdxTe  are 
shown  in  Fig.  1.  The  peaks  are  the  Cd  4d  and  Hg  5 d 
spin-orbit  doublets  and  the  Hg  4/7/2-  These  spectra  have 
been  analyzed  for  all  the  samples  by  means  of  a  least- 
squares  curve-fitting  procedure  as  mentioned  above.  A 
nonlinear  background  was  subtracted  from  the  spectra 
prior  to  the  fitting  procedure.  The  line  shape  used  for  the 
fits  was  a  Lorentzian  convoluted  with  a  Gaussian.  This 
procedure  is  justified  for  the  photoemission  from  semi¬ 
conductors.  It  might  be  argued,  however,  that  the 
Doniach-Sunjic  line  shape11  has  to  be  used  in  the  case  of 
small  metal  clusters.  The  quality  of  the  fits  obtained  with 
the  symmetric  line  shape  is  very  good.  This  might  indi¬ 
cate  that  the  final-state  screening  in  very  small  clusters  is 
different  from  bulk  metals,  resulting  in  a  different  (and 
smaller)  singularly  index  for  the  Doniach-Sunjic  line 
shape  for  these  clusters  as  compared  to  the  bulk  metal. 

Two  types  of  Hg  have  consistently  been  found  for  all 
the  samples.  These  two  types  of  mercury  will  be  labeled 


Hg'1’  and  Hgl2)  in  the  following  discussion.  From  Us 
binding  energy  with  respect  to  the  valence-band  max¬ 
imum  (VBM),'2  Hg11’  is  clearly  identified  as  Hg  in 
Hg,  _xCdxTe.  The  second  component  Hg  21  is  observed 
at  higher  binding  energy.  We  have  suggested  earlier  that 
Hg’21  is  due  to  some  kind  of  surface  mercury.3  This  was 
inferred  from  two  observations.  First,  on  a  1.5-^m-thick 
CdTe  layer  grown  with  a  Hg  flux,  the  amount  of  incor¬ 
porated  Hg  as  measured  with  energy-dispersive  x-ray 
spectroscopy  (EDS)  agrees  with  the  results  from  XPS  ob¬ 
tained  by  neglecting  Hgl2).  Including  Hg'2'  yields 
significantly  higher  concentrations.  As  the  depth  probed 
by  XPS  is  small  compared  to  EDS,  Hg'2’  should  be  locat¬ 
ed  in  the  surface  region.  Second,  the  Hg  concentration  in 
the  CdTe  layers  can  be  determined  from  the  binding  en¬ 
ergy  of  the  Cd  4 d  and  Hg  5 d  levels  with  respect  to  the 
VBM.  This  procedure  is  described  in  Ref.  8.  Once  again 
these  results  agree  with  concentrations  deduced  from 
XPS  peak  areas,  neglecting  Hg12’.  This  also  suggests  that 
Hg1  21  is  located  at  the  surface.  Otherwise  it  would  affect 
the  position  of  the  VBM. 

Now  that  we  have  established  that  Hg{2’  is  some  sort  of 
surface  mercury,  we  need  to  find  its  exact  nature.  From 
the  chemical  shift  measured  on  the  Hg  5 d  and  Hg  4/ 
lines,  Hg'2’  could  be  tentatively  identified  as  HgTe,.  This 
is  not  a  stable  compound,  but  could  exist  at  the  surface  of 
Hg2_xCdxTe  samples.  However,  if  Hg'21  is  located  in  a 
two-dimensional  surface  layer,  coverages  up  to  0.8  mono- 
layers  (ML)  are  deduced  from  the  Hg'2’  peak  areas.  Such 
a  coverage  should  then  affect  the  characteristics  of  a  sur¬ 
face  component  detected  in  the  Te  4 d  spectra.  The  sur¬ 
faces  studied  here  are  (111)  B  surfaces  which  are  ter- 


FIG.  1.  Typical  XPS  core-level  spectra  from  Hg,_xCd.Te.  The  composition  is  x -0.94  (lower  spectrum)  and  x  -0  ftO  upper 
spectrum).  The  number  of  atoms  in  the  Hg'2'  estimated  using  relation  (1)  is  7x  10IJ  and  6x  10'4  cm'2,  respectively.  The  bmdmg  en¬ 
ergy  is  referred  to  the  Fermi  level.  The  solid  line  is  obtained  by  least-squares  fitting  of  individual  components  (dashed  linesi  to  the 
data. 
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minated  by  threefold-bonded  Te  atoms.  From  the  Te  4 d 
core- evel  spectra,  a  surface  shift13  of  475±75  meV  to¬ 
wards  higher  binding  energy  was  unambiguously  deter¬ 
mined  by  very  careful  curve  fitting  (Fig.  2).  Close  exam¬ 
ination  of  the  residuals,  i.e.,  the  difference  between  the 
calculated  and  the  measured  spectra,  was  particularly 
useful  for  the  determination  of  this  surface  component. 
The  characteristics  (relative  intensity,  FWHM,  and  shift) 
of  this  surface  component  are  independent  of  the  amount 
of  Hg  2 .  This  rules  out  the  existence  of  a  two- 
dimensional  layer  of  HgTe,. 

Based  on  this  observation  and  on  the  fact  that  the  Te 
4 d  core-level  intensity  is  reduced  by  only  5%  for  a  Hgt21 
coverage  corresponding  to  1  ML  in  the  case  of  a  two- 
dimensional  layer,  we  suggest  that  Hg‘21  must  be  related 
to  the  existence  of  small  Hg  clusters  on  the  sample  sur¬ 
face.  The  spectral  characteristics  of  such  small  metal 
clusters  are  now  well  established1'3  14,15  although  the  de¬ 
tailed  explanation  of  these  same  characteristics  is  still  a 
matter  of  debate.  For  almost  all  cases  of  small  metal 
clusters,  the  core-level  binding  energies  are  higher  than 
for  the  corresponding  bulk  material.  This  binding  energy 
generally  decreases  with  increasing  cluster  size,  and 
sometimes  a  saturation  or  even  a  slight  decrease  is  ob¬ 
served  for  very  small  cluster  sizes.3, 14 

Figure  3  shows  the  binding  energy  Eg  with  respect  to 
the  Fermi  level  for  the  Hg121  4 fin  core  level  versus  the 
4(Hgl2)  4/7/2  )/^(Te  3dJ/2)  area  ratio.  These  data  have 
been  measured  from  many  different  samples  and  the 
different  area  ratios  are  the  results  of  different  prepara¬ 
tion  conditions.  The  relation  between  this  area  ratio  and 
the  preparation  conditions  will  be  discussed  in  the  last 
section  of  this  paper.  The  A  ( Hg)/ A  (Te)  area  ratio  is  re¬ 
lated  to  the  average  cluster  radius.  The  intensity  model 
described  in  Ref.  14  can  be  adapted  to  the  present  prob¬ 
lem  and  the  following  relation  is  obtained: 


Binding  energy  (eV) 

FIG.  2.  Te  4 d  core-level  spectrum  from  CdTe(lll)  B.  The 
solid  line  is  obtained  by  least-squares  fitting  of  individual  com¬ 
ponents  (dashed  lines)  to  the  data.  The  binding-energy  scale  is 
referred  to  the  Fermi  level. 
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FIG.  3.  Hg'21  4 fin  binding  energy  with  respect  to  the  Fermi 
level  vs  /t(  Hg'21  4/7/2 )/ Ailt  id,n )  area  ratio.  The  solid  cir¬ 
cles  are  results  from  Hgl_xCdITe  samples,  whereas  the  open 
circles  are  obtained  after  the  Hg  absorption  on  CdTe  at  room 
temperature.  The  Hg  coverage  has  been  estimated  using  rela¬ 
tion  (l)  with  Ne=  6x  10"  cm'2.  The  solid  line  represents  the 
calculated  e1/2R  behavior.  For  details  see  the  text. 


r=/KHg12'  \fln)/A(lt  3 din) 

=Nckke\R1-2[k1t-(Rk,+kl)txp(-R/kt>]\  .  <  li 

This  relation  is  valid  as  long  as  the  area  covered  by  the 
clusters  is  small  compared  to  the  total  sample  area.  R  is 
the  average  cluster  radius,  Nc  the  cluster  concentration. 
A.,  the  effective  photoelectron  escape  depth,  and  k  is  a 
constant  depending  on  XPS  sensitivity  factors  and  on  the 
density  of  the  Hg  clusters.  kt  is  related  to  the  photodec- 
tron  escape  depth  A.  and  to  the  mean  electron  escape  an¬ 
gle  0  (A.e=Acos0).  If  Nc  has  approximately  the  same 
value  for  all  the  samples  studied  here,  a  plot  of  EB  versus 
T  is  equivalent  to  a  plot  of  Eg  versus  R  on  a  nonlinear 
scale.  Some  scatter  observed  from  our  data  is  most  likely 
due  to  slight  differences  in  Nc  between  different  samples. 
The  binding-energy  decrease  observed  in  Fig.  3  with  in¬ 
creasing  cluster  size  is  a  common  feature  for  small  metal 
clusters.  In  the  case  of  metal  clusters  supported  on  insu¬ 
lating  substrates,  Wertheim  et  al.3  ii  have  shown  that 
positive  binding-energy  shifts  with  decreasing  cluster  size 
can  be  attributed  to  the  Coulomb  energy  -e:/2 R  which 
is  due  to  the  positive  charge  appearing  on  the  cluster  sur¬ 
face  during  the  photoemission  process.  The  unit  charge 
in  the  photoemission  final  state  is  not  neutralized  during 
the  time  scale  relevant  to  photoemission.  The  resulting 
Coulomb  attraction  will  therefore  increase  the  measured 
binding  energy  of  the  photoelectrons  from  the  cluster. 
The  same  explanation  was  used  in  Ref.  14  for  the  case  of 
A1  clusters  on  Sbflll)  substrates.  We  now  suggest  that 
this  explanation  may  also  be  extended  to  the  case  of  small 
metal  clusters  on  certain  semiconducting  surfaces.  For  a 
typical  cluster  concentration  of  Nc=6x  10"  cm  ;.  the 
cluster  radii  corresponding  to  Fig.  3  are  found  in  the 
range  of  5-20  A  using  Eq.  (1).  A  rough  estimation  of  the 
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corresponding  Hg  21  coverages  0  yields  10u-1015 
atoms/cm2.  These  coverage  values  are  rather  insensitive 
to  the  values  of  Sc ,  whereas  the  quoted  radii  are  more 
strongly  dependent  on  ,VC.  The  reasonably  smooth  be¬ 
havior  of  the  data  in  Fig.  3  over  a  narrow  range  for  the 
cluster  radii  <5-20  A)  is  an  indirect  evidence  for  Sc  being 
relatively  independent  on  the  details  of  the  sample 
preparation.  Figure  3  compares  very  well  with  results 
published  in  the  recent  literature  concerning  Au  on 
amorphous  carbon2  3  and  Ag  on  amorphous  carbon.15  In 
all  the  cases,  the  binding  energy  for  the  bulk  metal  was 
obtained  for  coverages  between  1015  and  1016  atoms/cm2. 
Extrapolation  of  our  results,  according  to  a  e2/2R  depen¬ 
dence,  yields  £fl(Hgl2’  4/7/, )=  100.2±0.2  eV  for  large 
cluster  sizes.  This  is  close  to  the  value  for  bulk  Hg  (99.9 
eV>.16  The  solid  line  in  Fig.  3  shows  this  e2 /2R  behavior 
adjusted  to  our  data,  using  the  values  for  R  deduced  from 
Eq.  (li  with  ,V(.=6x  10“  cm"2.  There  might  be  a  satura¬ 
tion  or  even  a  slight  decrease  for  very  small  cluster  sizes, 
as  already  reported  for  A1  on  Sb(lll).1*  However,  we  do 
not  want  to  draw  this  conclusion,  due  to  the  insufficient 
number  of  data  in  this  particular  region. 

Another  striking  feature  of  Hg'21  is  the  variation  of  the 
apparent  spin-orbit  splitting  of  the  Hg'2’  5 d  levels  with 
Hg21  coverage  0.  Figure  4  shows  this  energy  separation 
versus  the  intensity  ratio  T  defined  above.  A  total  in¬ 
crease  of  0.5  eV  is  observed  with  increasing  cluster  size. 
A  saturation  occurs  at  1.7  eV,  which  is  close  to  the  value 
for  bulk  Hg  (1.86  eVl.17  The  spin-orbit  splitting  for  iso¬ 
lated  Hg  atoms  is  known  to  be  equal  to  the  value  for 
liquid  Hg.17  Our  measured  values  of  the  apparent  spin- 
orbit  splitting  are  thus  even  smaller  than  the  value  for 
isolated  atoms.  This  can  be  explained  by  the  repulsion 
between  the  Cd  4 d  and  Hg  5 d  levels,  as  initially  discussed 
by  Moruzzi  et  al. 18  In  systems  with  two  d  metals,  even 
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FIG.  4.  Hg'2’  5 d  apparent  spin-orbit  splitting  vs  4(Hg2' 
5/-, 2  >/-4<Te  3d, i  area  ratio.  The  Hg  coverage  has  been  es¬ 
timated  using  relation  (1)  with  .V^IO"  cm'2.  For  details  see 
the  text. 


with  no  direct  energy  overlap,  the  two  sets  of  i  levels  in¬ 
teract.  The  result  is  a  repulsion  between  these  d  states 
proportional  to  their  original  energy  separation,  which 
then  reduces  the  apparent  spin-orbit  splitting  of  either 
subsystem.  For  the  smallest  clusters,  almost  all  the  Hg  2 
atoms  are  in  contact  with  the  Hg,_tCd,Te  surface, 
whereas  the  repulsion  is  reduced  for  the  larger  clusters 
due  to  the  increased  Cd — Hg  21  distance.  A  similar  ex¬ 
planation  has  been  invoked  by  Eberhardt  et  al.  in  the 
case  of  Cu3Au  alloys.19 

We  have  adsorbed  Hg  on  MBE-grown  CdTei 111)  sam¬ 
ples.  The  samples  were  kept  at  room  temperature  and 
the  estimated  Hg  flux  was  approximately  2. 5  <d017 
atoms  cm" 2  s"1.  This  value  was  determined  using 
Knudsen’s  effusion  law.  Hg  4/,  Cd  3d,  and  Te  3d  spectra 
have  been  measured  after  exposures  of  35  and  45  mm.  re¬ 
spectively.  Only  one  component  was  then  detected  in  the 
Hg  4 f7/2  spectra.  The  corresponding  results  are 
represented  by  the  open  circles  in  Fig.  3.  These  results 
agree  with  values  measured  for  Hg'2'  on  Hg,_,CdtTe. 
This  is  a  further  evidence  that  our  interpretation  of  Hg  2 
is  correct.  We  also  note  that  for  these  two  exposures,  the 
ratio  of  the  Hg  coverages  quoted  in  Fig.  3  is  in  excellent 
agreement  with  the  ratio  of  the  Hg  exposures. 

The  last  section  of  this  paper  is  devoted  to  a  tentative 
identification  of  the  origin  of  the  Hg  clusters  on 
Hg,_xCdxTe  surfaces.  Two  possible  sources  of  these  Hg 
clusters  are  readily  identified:  either  the  Hg  in  the 
Hg|_,CdxTe  crystals  or  the  residual  Hg  in  the  growth 
chamber  during  the  cooling  of  the  grown  layers. 

The  cooling  of  the  layers  from  the  growth  temperature 
(175-195*0  to  a  temperature  low  enough  to  take  the 
samples  out  of  the  growth  chamber  (typically  50  'C  takes 
on  the  order  of  1  h.  During  this  time,  the  Hg  flux  is  pro¬ 
gressively  reduced  from  a  value  of  typically  1  5  •  10r 
atomscm"2s"‘  to  zero.  The  amount  of  Hg  in  the  dus¬ 
ters  obtained  by  this  procedure  is  comparable  with  the 
amount  obtained  by  exposing  a  CdTe(  1 1 1 1  B  surface  at 
room  temperature  to  an  estimated  Hg  flux  of  2  5  •  I01' 
atoms  cm"2  s_l  during  at  least  30  min.  As  the  Hg  stick¬ 
ing  coefficient  on  CdTe  is  expected  to  decrease  with  in¬ 
creasing  temperature  and  based  on  the  fact  that  the  Hg 
flux  used  for  the  adsorption  experiment  was  always 
higher  than  during  the  cooling  of  the  Hg, .  ,Cd,  Te  sam¬ 
ples,  we  conclude  that  Hg  adsorption  ,>n  the 
Hgt_,Cd,Te  surfaces  during  the  cooling  cannot  be  the 
only  reason  for  the  formation  of  Hg  clusters  on  these  sur¬ 
faces.  We  therefore  suggest  that  out-difTusion  of  Hg  from 
the  samples  contributes  significantly  to  the  formation  of 
the  Hg  clusters. 

A  mercury  atom  reaching  the  surface  >f  a 
Hg, _,CdxTe  sample  can  (l)  combine  with  any  available 
free  Te  atom,  (2)  migrate  on  the  surface  until  it  reaches  a 
nucleation  site  and  contribute  to  the  formation  of  Hg 
clusters,  or  (3)  desorb  from  the  surface.  Parameters  like 
the  substrate  temperature  or  the  number  and  type  of  vur- 
face  defects  certainly  play  a  major  role  in  determining 
which  of  these  steps  will  be  the  dominant  one.  the  three 
possibilities  exist  regardless  of  whether  the  Hg  aiom 
reaches  the  surface  by  out-diffusion  from  the  bulk  or  by 
condensation  from  the  Hg  vapor.  However,  it  is  dear 
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chat  the  amount  of  Hg  in  the  sample  should  affect  the 
amount  of  Hg  in  the  clusters  if  out-diffusion  is  the  major 
source  of  Hg  atoms  going  into  the  clusters.  Such  a  rela¬ 
tion  has  been  observed  (Table  I).  For  different  samples 
prepared  at  the  same  temperature,  the  amount  of  Hg  in 
the  clusters  is  found  to  increase  with  the  Hg  concentra¬ 
tion  in  the  Hgi_xCdxTe  samples.  The  exact  relationship 
between  the  two  intensities  certainly  depends  on  the  dis¬ 
tribution  of  the  Hg  in  the  clusters  and  in  the 
Hg,_xCdxTe.  as  well  as  on  the  details  of  the  diffusion 
mechanism.  Furthermore,  the  data  in  Table  I  are  con¬ 
sistent  with  the  assumption  that  the  amount  of  Hg  in  the 
clusters  increases  with  increasing  temperature  for  a  given 
sample  composition.  This  would  not  be  easy  to  explain  if 
condensation  from  Hg  vapor  was  the  main  reason  for  the 
cluster  formation,  whereas  enhanced  out-diffusion  com¬ 
bined  with  higher  surface  mobility  is  likely  to  increase 
the  amount  of  Hg  in  the  clusters.  However,  increasing 
the  substrate  temperature  also  favors  the  Hg  desorption. 
Many  more  experimental  results  as  well  as  a  detailed 
study  of  the  corresponding  surface  kinetics  are  thus 
called  for.  A  future  study  should  also  reveal  whether  the 
out-diffusing  Hg  was  initially  bound  to  Te  or  instead  lo¬ 
cated  in  interstitial  lattice  sites.  This  is  very  important 
for  an  understanding  of  the  thermal  stability  of  these  ma¬ 
terials.  The  existence  of  interstitial  Hg  is  indeed  expected 
due  to  the  high  Hg  overpressure  needed  during  the 
growth  of  Hg,_,Cd,Te.20 

IV.  CONCLUSION 

We  have  shown  that  Hg  clusters  are  found  on  MBE- 
grown  Hg,_xCdxTe  samples.  The  typical  radius  of  these 
clusters  is  in  the  range  of  5-20  A.  The  Hg  core  levels 
measured  with  XPS  show  the  typical  positive  binding- 
energy  shift  which  increases  with  decreasing  cluster  size. 
This  shift  is  explained  by  the  Coulomb  energy  e 2  / 1R  due 
to  the  positive  charge  appearing  on  the  cluster  during  the 
photoemission  process.  For  small  clusters,  the  apparent 


TABLE  I.  Intensity  ratio  4(Hg':  4/.., i/.tiTe  3 d,  , .  for 
the  Hg  dusters  along  with  the  growth  temperature  and  the 
composition  of  the  Hgi_,Cd,Te  samples. 

T,  CC) 

I-*  4(Hg‘21 

4/.  ;i/.4<Te  }d,  ,i 

185 

0.065 

9.7x10-' 

185 

0.740 

4.4  x  10-; 

195 

0.045 

4.8  x  10-' 

195 

0.057 

9.3  x  10-' 

195 

0.085 

1.6x  10": 

175 

0.095 

7.7  x  10-' 

185 

0.06S 

9.7  <  10-' 

195 

0.057 

9.3x  10-' 

spin-orbit  splitting  of  the  Hg  5 d  levels  is  smaller  than  for 
bulk  Hg  and  even  smaller  than  for  isolated  Hg  atoms. 
This  is  attributed  to  repulsion  between  the  Cd  4 d  and  Hg 
5 d  orbitals  for  the  smallest  clusters,  where  almost  all  the 
Hg  atoms  are  in  contact  with  the  Hg,_xCdtTe  substrate. 
Finally,  we  have  shown  that  Hg  out-diffusion  from  the 
bulk  is  probably  the  major  reason  for  the  formation  of 
these  clusters. 
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X-ray  photoemission  study  of  Hg  clusters  on  Hg^Cd^Te  surfaces 

R.  Sporken,*’ S.  Sivananthan,  J.  Reno,0’  and  J.  P.  Faurie 
Department  of  Physics,  University  of  Illinois  at  Chicago,  Chicago.  Illinois  60680 

( Received  2  February  1988;  accepted  25  April  1988) 

Hg,  _  ,CdtTe  ( 1 1 1  )B  surfaces  have  been  studied  with  x-ray  photoelectron  spectroscopy  (XPS). 
A  surface  shift  is  deduced  from  a  careful  analysis  of  Te  4 d  core-level  spectra.  The  presence  of 
small  Hg  clusters  on  these  surfaces  is  observed,  and  the  size  is  estimated  from  the  XPS  data 
( R  =  5-20  A).  The  positive  binding  energy  shift  for  these  clusters  agrees  very  well  with  the 
calculated  Coulomb  energy  due  to  the  positive  charge  which  appears  on  the  clusters  during  the 
photoemission  process.  The  origin  of  these  clusters  is  briefly  discussed. 


I.  INTRODUCTION 

The  study  of  the  microscopic  properties  of  surfaces  and  in¬ 
terfaces  of  semiconducting  materials  is  very  important  for 
the  understanding  and  development  of  modem  microelec¬ 
tronic  devices.  A  detailed  investigation  of  the  growth  of  such 
surfaces  and  interfaces  is  necessary  due  to  the  dramatic  min¬ 
iaturization  of  the  devices.  In  this  paper,  we  report  on  the 
study  of  small  mercury  clusters  on  Hg,  _  ^Cd^Te  surfaces. 

The  presence  of  small  Hg  clusters  on  the  surfaces  of  some 
II— VI  semiconductors  has  first  been  suggested  by  Reno  et 
alf  to  explain  some  x-ray  photoelectron  spectroscopy 
(XPS)  results  concerning  the  Hg  incorporation  in  CdTe 
during  the  growth  of  HgTe-CdTe  superlattices  by  molecu¬ 
lar-beam  epitaxy  (MBE).  The  common  growth  technique 
for  HgTe-CdTe  superlattices  and  other  superstructures, 
such  as  single  and  double  barrier  tunneling  structures,  in¬ 
volves  leaving  the  Hg  cell  open  at  all  times. 2,3  As  a  result,  the 
CdTe  layers  are  not  pure  CdTe  layers  but  instead 
Hg,  _  ,Cd,Te  with  typically  3%-9%  of  mercury  for  the 
( 1 1 1 )  B  orientation. 1  In  addition  to  Hg  bound  to  Te  atoms, 
the  XPS  analysis  of  these  samples  revealed  the  existence  of  a 
second  type  of  mercury  with  about  600  meV  higher  binding 
energy.  '■*  In  the  present  work,  we  show  that  this  second  type 
of  mercury  is  due  to  the  presence  of  small  Hg  clusters  on 
CdTe  and  Hg,  _  ,Cd,Te  surfaces.  We  also  show  how  the 
size  of  these  clusters  can  be  estimated  and  used  to  explain  the 
characteristics  of  such  clusters.  The  origin  of  these  clusters 
will  be  discussed  in  the  last  section  of  this  paper. 

II.  EXPERIMENTAL  PROCEDURE 

The  samples  were  all  prepared  at  the  University  of  Illinois 
at  Chicago  in  a  Riber  MBE  2300  machine.  CdTe  substrates 
oriented  in  the  ( 1 1 1 )  B  direction  as  well  as  GaAs  substrates 
with  a  CdTe(  1 1 1 )  B  buffer  layer  were  used.  The  substrate 
preparation  and  the  growth  of  the  appropriate  buffer  layer 
have  been  discussed  elsewhere.2  The  layers  analyzed  here  are 
Hgi  _  ,Cd,Te  with  x  in  the  range  of  0.15-0.97.  The  smaller 
x  values  were  obtained  with  three  MBE  sources  (CdTe,  Te, 
and  Hg)  as  usual.2  The  larger  values  are  obtained  with  only 
two  sources  (CdTe  and  Hg)  as  described  in  Ref.  1.  CdTe 
samples  on  which  we  have  adsorbed  some  Hg  at  a  typical 
exposure  of  5  x  1020  atoms  cm'2  have  also  been  analyzed. 

The  samples  were  grown  at  temperatures  between  175  and 
195  *C.  These  sample  temperatures  were  measured  using  a 


Chromel-Alumel  thermocouple  and,  whenever  possible,  by 
an  infrared  pyrometer.  The  measurements  have  been  cali¬ 
brated  using  the  melting  points  of  indium  and  tin. 

The  samples  were  kept  under  ultrahigh  vacuum  condi¬ 
tions  as  they  were  transferred  to  the  XPS  chamber.  The  mea¬ 
surements  were  performed  with  a  SSX-100  spectrometer 
from  Surface  Science  Instruments.  A  monochromatized  and 
focused  A1  Ka  excitation  line  was  used  with  the  spot  diame¬ 
ter  set  at  300 /im.  The  overall  energy  resolution  measured  on 
the  Au  4/ core  level  is  0.7  eV.  The  position  of  the  Fermi  level 
was  determined  from  the  position  of  the  Au  4  fin  line  mea¬ 
sured  from  a  bulk  gold  sample.  The  corresponding  binding 
energy  was  fixed  at  83.93  eV. 

III.  RESULTS  AND  DISCUSSION 

The  discussion  of  the  results  will  be  organized  as  follows: 
First,  we  will  focus  on  a  detailed  analysis  of  the  XPS  spectra 
from  Hg|  _  ,Cd„Te  samples.  It  will  be  shown  that  two  types 
of  mercury  exist  on  these  surfaces.  The  existence  of  a  surface 
shift  on  the  Te  4 d  core  level  will  be  discussed.  Thereafter,  it 
will  be  shown  that  one  Hg  component  is  related  to  Hg  bound 
to  Te  atoms  and  that  the  other  is  due  to  the  presence  of  small 
Hg  clusters  on  the  sample  surface.  Finally,  the  size  of  these 
clusters  will  be  estimated,  and  their  origin  will  be  briefly 
discussed. 

Typical  photoemission  spectra  from  Hg, _.Cd,Te  are 
shown  in  Fig.  1.  The  peaks  are  the  Cd  4 d  and  Hg  5 d  spin- 
orbit  doublets  and  the  Hg  4  fvv  These  spectra  have  been 
analyzed  for  all  the  samples  by  a  least-squares  curve  fitting 
procedure.  The  line  shape  used  for  the  fits  was  a  Lorentzian 
convoluted  with  a  Gaussian. 

Two  types  of  Hg  have  been  found  for  all  the  samples. 
These  two  types  of  mercury  will  be  labeled  Hg“'  and  Hg*21  in 
the  following  discussion.  The  existence  of  two  components, 
quite  obvious  from  the  Hg  4  fin  spectra,  is  also  deduced 
from  the  Hg  id  spectra  by  the  curve  fitting  procedure  as 
mentioned  above.  The  energy  separation  between  the  two 
components,  as  well  as  their  intensity  ratio  are  deduced  from 
both  the  Hg  4/ and  Hg  id  core  level  spectra.  These  two  re¬ 
sults  are  always  in  very  close  agreement 

The  identification  Hg11’  is  based  on  the  following  method. 
For  Hg,  _  ,Cd,Te,  the  position  of  the  valence  band  maxi¬ 
mum  is  known  to  be  very  sensitive  to  the  alloy  composition 
x.5  4  As  the  cation  core  levels  are  known  to  be  virtually  inde- 
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Fig.  1.  Typical  XPS  core-level  spectra  from  Hg,  _  ,Cd,Te.  The  composi¬ 
tion  is  x  =  0.94  (lower  spectrum)  and  x  =  0.60  (upper  spectrum).  The 
number  of  atoms  in  the  Hg121  estimated  using  relation  (5)  is  7x  10'5  and 
6x  1014  cm"2,  respectively.  The  binding  energy  is  referred  to  the  Fermi 
level.  The  solid  line  is  obtained  by  least-squares  fitting  of  individual  compo¬ 
nents  (-  -  -)  to  the  data. 


pendent  of  the  alloy  composition,9-*  the  energy  difference 
between  the  Hg  5d  or  Cd  4 d  core  levels  and  the  valence  band 
maximum  (VBM)  reflects  the  position  of  the  VBM  on  an 
absolute  energy  scale. 

Therefore,  the  binding  energy  of  the  Hg  5 d  and  Cd  4 d 
core  levels  with  respect  to  the  VBM  can  be  used  to  determine 
the  alloy  composition  x.  The  same  alloy  composition  is  easily 
determined  from  the  ratio  of  the  peak  areas  in  the  XPS  spec¬ 
tra.  A  comparison  of  these  results  shows  that  Hg1"  is  related 
to  Hg  in  Hg,  _  ,Cd,Te. 

We  have  shown  earlier  that  Hg121  is  due  to  some  mercury 
located  in  the  surface  region.1,4  It  is  therefore  important  to 
investigate  the  spatial  distribution  of  this  second  type  of  mer¬ 
cury. 

Figure  2  shows  a  typical  Te  4 d  core  level  spectrum  mea¬ 
sured  on  a  CdTe(  1 11  )B  surface.  From  these  spectra,  a  sur¬ 
face  shift7-*  of 475  ±  75  meV  towards  higher  binding  energy 
was  determined  by  very  careful  curve  fitting.  Cose  examina¬ 
tion  of  the  residuals,  Le,  the  difference  between  the  calculat¬ 
ed  and  the  measured  spectra  was  necessary  for  the  determin¬ 
ation  of  this  surface  component  Figure  2  shows  this 
difference  spectrum  for  the  same  experimental  data,  fitted 
with  one  or  two  doublets,  respectively.  In  the  first  case,  the 
existence  of  nonrandom  oscillations  clearly  indicates  that 
the  fit  result  is  not  an  adequate  representation  of  the  experi¬ 
mental  data.  In  the  second  case,  where  the  sum  of  two  doub¬ 
lets  is  used  to  fit  the  data,  the  difference  spectrum  contains 
only  the  random  noise  which  affects  the  original  data. 

Spectra  with  the  same  characteristics  have  been  observed 
on  Hg,  Cd,  Te  ( 1 1 1 )  B  surfaces.  AU  these  surfaces  are  ter¬ 
minated  by  threefold  bound  Te  atoms.  In  bulk 
Hg,.  ,Cd„Te,  the  Te  atoms  form  four  tetrahedral  bonds 
with  their  nearest  neighbors.  This  is  consistent  with  the  sign 
of  the  observed  surface  shift. 

A  simple  layerwise  attenuation  model  predicts 

/j//f  *exp(d//t#)  —  I,  (1) 


Binding  energy  (eV) 


Fig.  2.  Upper  pert:  Te  core-level  spectrum  from  CdTe<  11 1 )  B.  The  solid 
line  is  obUrned  by  least-squares  fitting  of  individual  components  ( -  -  - )  to 
the  data.  The  binding  energy  scale  is  referred  to  the  Fermi  level.  Lower  part: 
difference  between  the  experimental  data  and  the  calculated  spectrum.  The 
same  spectrum  has  been  fitted  with  (a)  two  doublets  or  (b)  one  doublet. 


where  Is  and  Ia  are  the  intensities  of  the  surface  and  bulk 
components,  d  is  the  distance  between  ( 1 11  )B  planes,  and 
A.  is  the  effective  electron  escape  depth.  A,  is  related  to  the 
electron  escape  depth  A  and  to  the  mean  electron  escape 
angle  0  ( A,  =  Aco&0,  0  =  53*).  For  our  experiment,  we 
obtain  /s//*  =0.20  ±0.03.  The  corresponding  escape 
depth  as  deduced  from  relation  ( 1 )  is  3.4  ±  0.4  nm.  The 
characteristics  of  the  surface  component  ( relative  intensity. 
FWHM,  and  energy  shift)  are  independent  of  the  amount  of 
Hg121.  The  intensity  ratio  between  Hg121  and  the  surface  tellu¬ 
rium  component,  corrected  for  the  different  sensitivity  fac¬ 
tors,  is  in  the  range  of  0.1-1.  We  therefore  suggest  that  Hg'21 
is  related  to  the  presence  of  small  Hg  clusters  at  the  surface. 

The  spectral  characteristics  of  such  small  metal  clusters 
are  now  well  established.4-*"1 1  The  most  striking  feature  is  a 
size  dependent  binding  energy  shift  in  the  case  of  small  metal 
clusters  on  poorly  conducting  substrates.  During  the  pho¬ 
toemission  process,  the  cluster  is  left  with  a  unit  positive 
charge  which  is  not  neutralized  during  the  core-hole  life¬ 
time.  1 1  The  final-state  energy  is  thus  increased  by  the  Cou¬ 
lomb  energy,  which  is  eV2 R  for  a  charged  conducting 
sphere  or  e*/\JR  for  unsupported  hemispherical  clusters. 
In  the  case  of  small  mercury  clusters,  on  Hg,  _  ,Cd,Te.  the 
contribution  from  the  clusters  is  thus  expected  to  shift 
towards  higher  binding  energies  for  small  cluster  sizes. 

The  cluster  radius  is  the  relevant  parameter  for  the  deter¬ 
mination  of  the  binding  energy  shift.  The  following  section 
of  this  paper  shows  how  this  radius  is  determined  in  a 
straightforward  manner  from  the  photoemission  data. 

First  a  series  of  Hg,  _  ,Cd,Te  samples  is  grown.  These 
samples  are  analyzed  with  XPS,  and  it  is  found  that  the  prep¬ 
aration  conditions  (Cd  concentration  x,  substrate  tempera¬ 
ture  Ts  during  the  growth,  Hg  flux  during  the  growth. ..) 
influence  the  intensity  of  Hg*21.  The  relation  between  these 
preparation  conditions  and  the  intensity  of  Hg  ;  has  been 
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described  elsewhere.4  If  one  assumes  a  simple  exponential 
attenuation  of  the  XPS  signals,  and  if  Hg>2>  is  due  to  mercury 
in  hemispherical  dusters  on  the  surface,  the  intensity  of  Hg'2' 
is  given  by12 

AOigV1'  =  krrNcA^R1  -2{A\  -  (RA,  +  A\) 

Xexp(  —  R  /A,)]},  (2) 

where  R  is  the  average  cluster  radius,  Nc  the  cluster  concen¬ 
tration,  A,  the  effective  photoelectron  escape  depth,  and  k  is 
a  constant  depending  on  the  XPS  sensitivity  factors  and  on 
the  density  of  the  Hg  clusters. 

Relation  ( 1 )  is  valid  as  long  as  the  area  covered  by  the 
cluster  is  small  compared  to  the  total  sample  area.  The  Te 
signal  is  then  virtually  not  attenuated  by  the  Hg  clusters. 
Furthermore,  the  Te  signal  is  independent  of  the  Cd  content 
in  Hg,  _  xCdxTe.  Therefore, 

T  =^(Hg'2’  4fm)/A(,Tc3din) 

=  k  'NcA,{R 2  —  2[A  l  -  ( RA .  +  A  * )exp(  -  R  /A, )  ] > 

(3) 

as  long  as  NcitR  2  <  1 .  k '  is  a  constant  depending  again  on  the 
XPS  signal  strength  from  one  Hg  atom  relative  to  one  Te 
atom,  on  the  Te  concentration  in  HgCdTe,  on  the  density  of 
the  Hg  clusters  and  on  the  shape  of  the  clusters.  A  straight¬ 
forward  calculation  yields  k '  z  0.4.  From  our  data,  T  is  in  the 
range  of  4x  10-J  to  10" '.  For  a  typical  cluster  concentra¬ 
tion  of6x  10"  cm-2,  the  cluster  radii  are  then  found  in  the 
range  of  5-20  A  using  Eq.  (3).  A  value  of  3.0  nm  was  used 
for  A,  which  is  quite  reasonable  for  electrons  with  a  kinetic 
energy  of  about  1400  eV. 

Figure  3  shows  the  Hg12’  4  fln  binding  energy  versus  the 
cluster  radius  R,  deduced  from  relation  ( 2 ) .  The  solid  curve 
is  obtained  by  the  following  relation: 

£cJ|u***r  =  £,5?lk  +  £2/(  1.7  R).  (4) 

Ebglk  is  the  Hg4/7/2  binding  energy  for  bulk  Hg.  A  good 
agreement  between  the  experimental  binding  energies  and 
the  value  from  Eq.  (4)  is  obtained  for  Eg*1*  =  100.2  eV, 
which  is  indeed  close  to  the  value  for  bulk  Hg  ( 99.9  e  V ) . 1 3  In 
practice,  an  initial  guess  is  made  for  the  parameters  Nc  and 
A.  The  cluster  radii  are  then  determined,  and  the  value  of 
E  5ilk  is  adjusted  so  that  a  good  fit  of  the  experimental  data  is 
obtained  from  Eq.  (3).  The  result  can  be  used  to  optimize 
the  values  of  A,  and  Nc,  and  all  the  parameters  are  adjusted 
by  an  iterative  procedure.  The  final  result  is  shown  in  Fig.  3 
for  the  following  values  of  the  parameters:  A  =  3.0  nm, 
Nc  m  6x  10' 1  cm’2.  £2“*  -  100.2  eV. 

The  coverage  corresponding  to  Hg121  is  given  by 

^  =  T£TT£-Vc-  (5) 

3  M 

where  p  is  the  density  of  the  Hg  clusters  and  M  is  the  Hg 
atomic  mass,  lip  is  taken  equal  to  the  density  of  bulk  Hg,  8  is 
found  in  the  range  from  1013  to  1015  atoms/cm2.  Figure  3 
compares  very  well  with  results  published  in  the  recent  liter¬ 
ature  concerning  Au  on  amorphous  carbon13,14  and  Ag  on 
amorphous  carbon. 1 1  In  all  the  cases,  the  binding  energy  for 
the  bulk  metal  was  obtained  for  coverages  between  1011  and 
1016  atoms/cm2. 
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Cluster  radius  (A) 

Fio.  3.  Hg'JI  4  binding  energy  with  respect  to  the  Fermi  level,  vs  duster 
radius  R.  •  are  results  from  HgCdTe  samples,  whereas  the  O  are  obtained 
after  the  Hg  adsorption  on  CdTe  at  room  temperature.  The  solid  line  is  a 
result  of  Eq.  (4 ) .  The  duster  radius  has  been  obtained  using  Eq.  ( 3 ) . 


Obviously,  the  final  state  charge  model  cannot  be  applied 
to  nonmetallic  clusters.  The  transition  from  nonmetallic  to 
metallic  clusters  when  the  spacing  between  valence  levels  is 
comparable  to  kT.  The  corresponding  cluster  radius  has 
been  calculated  for  Pt  by  Dicenzo  and  Wenheim.'’  They 
expect  metallic  behavior  in  hemispherical  Pt  clusters  with 
R  —  6  A.  As  the  electronic  structure  of  Hg  is  similar  to  t  he  Pt 
one,  the  onset  of  metallic  behavior  is  expected  for  clusters  of 
the  same  size.  In  our  case,  the  cluster  sizes  deduced  from 
relation  ( 3 )  are  thus  all  in  the  range  where  metallic  behavior 
is  expected.  Together  with  the  reasonable  values  obtained 
for  £5“\  A,  and  Nc,  this  is  an  indication  that  our  interpreta¬ 
tion  is  correct. 

The  formation  of  small  Hg  clusters  on  Hg, .  ,Cd,  Te  or 
CdTe  surfaces  is  also  confirmed  by  another  experiment.  We 
have  adsorbed  Hg  on  MBE  grown  CdTe(  III)  samples.  The 
samples  were  kept  at  room  temperature  and  the  Hg  (lux  was 
—  2.5  x  1017  atoms  cm-2  s” '.  This  value  was  estimated  us¬ 
ing  Knudsen’s  effusion  law.  The  samples  have  been  analyzed 
with  XPS  after  exposures  of  35  and  45  min.  respectively. 
Only  one  component  was  then  detected  in  the  Hg  4  /,  .  spec¬ 
tra.  The  corresponding  binding  energies  are  represented  by 
the  open  circles  in  Fig.  4.  These  results  agree  very  wdl  with 
those  measured  for  Hg*2>  on  Hgt  _  ,Cd,Te.  The  correspond¬ 
ing  coverages  as  deduced  from  Eq.  (5)  are  16  <  I0'4  and 
2.3  x  1014  atoms  cm-2,  respectively.  The  ratio  of  these  cov¬ 
erages  agrees  with  the  ratio  of  the  Hg  exposures.  The  tuck¬ 
ing  coefficient  for  Hg  on  CdTe(  1 1 1 )  B  surfaces  a  then  found 
on  the  order  of  3  X  10~\  which  is  still  about  three  orders  of 
magnitude  lower  than  the  sticking  coefficient  of  Hg  during 
the  MBE  growth  of  HgCdTe(lll).16  This  value  should 
however  be  taken  with  caution,  because  it  a  based  on  the 
application  of  Knudsen’s  efflision  law,  which  a  only  an  ap¬ 
proximation  in  this  case,  due  to  the  relatively  high  Hg  vapor 
pressure  in  the  ceil.  Furthermore,  the  density  of  the  Hg  clus¬ 
ters  might  deviate  from  its  bulk  value,  and  this  affects  the 
results  of  Eq.  (5). 
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In  the  last  section  of  this  paper,  we  will  summarize  the 
influence  of  the  preparation  conditions  on  the  intensity  ratio 
T  and  thus  on  the  cluster  R.  The  amount  of  Hg'2’  on  HgCdTe 
is  significantly  influenced  by  the  Hg  concentration  1  —  x  in 
the  Hg,  _  *CdxTe  samples  and  by  the  substrate  temperature 
Ts.  For  different  samples  prepared  at  the  same  temperature, 
the  amount  of  Hg  in  the  clusters  is  found  to  increase  with  the 
Hg  concentration  in  the  HgCdTe  samples.  Furthermore,  the 
amount  of  Hg'21  seems  to  increase  with  Ts  for  a  given  sample 
composition.  These  two  parameters  1  —  x  and  Ts  have  been 
adjusted  to  prepare  the  samples  studied  in  this  work. 

In  an  earlier  paper,4  we  have  shown  that  the  two  possible 
sources  of  Hg  clusters  are  the  outdiflusion  of  some  Hg  from 
the  Hg,  _ ,  Cd,  Te  samples,  as  well  as  the  condensation  of  the 
residual  Hg  in  the  growth  chamber  during  the  cooling  of  the 
grown  layers.  We  have  also  shown  that  outdiflusion  is  prob¬ 
ably  the  major  reason  for  the  formation  of  these  clusters.  A 
detailed  study  of  the  exact  mechanism  leading  to  the  forma¬ 
tion  of  these  clusters  is  still  to  be  done.  This  is  very  important 
for  an  understanding  not  only  of  the  electrical  properties  but 
also  of  the  thermal  stability  of  these  materials. 

IV.  CONCLUSION 

We  have  shown  that  small  Hg  clusters  are  present  on 
MBE-grown  Hg,_,CdxTe  samples.  The  radius  and  the 
concentration  of  these  clusters  have  been  determined  from 
the  XPS  data.  The  typical  radius  of  these  clusters  is  in  the 
range  of  5-20  A..  The  identification  of  these  clusters  is  based 
on  the  following  arguments:  ( 1 )  in  addition  to  Hg  bound  to 
Te,  a  second  mercury  component  (Hg,2,j  is  observed  in  the 
Hg  core  level  spectra;  (2)  the  presence  of  Hg*2'  does  not 
affect  the  characteristics  of  a  surface  peak  in  the  Te  4 d  spec¬ 
tra;  ( 3 )  a  positive  binding  energy  shift  is  observed  for  Hg'2’. 
This  shift  increases  with  decreasing  cluster  size;  (4)  this 
binding  energy  shift  agrees  well  with  calculated  values  of  the 
Coulomb  energy  eVl.7  R  which  is  due  to  the  unit  charge 
appearing  on  the  clusters  during  the  photoemission  process. 
The  composition  of  Hg,  _  ,Cd„Te  samples  and  the  substrate 
temperature  during  the  growth  of  these  samples  are  the  most 
important  parameters  influencing  the  amount  of  Hg*2’.  We 
suggest  that  Hg  outdiffiision  from  the  bulk  is  the  major  rea- 
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son  for  the  formation  of  these  clusters.  Finally,  we  have 
shown  that  such  clusters  can  be  obtained  by  adsorbing  some 
HgonCdTe(lll). 
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VI-3  HgTe-CdTe:  VALENCE  BANO  DISCONTINUITY 

VI-3-1  DlflECTMEASUREMENTOFTHEVALENCEBANDDISCONTINUITYAT  300K  BY  XPS 


The  valence  band  discontinuity  (AEV)  of  the  HgTe-CdTe  heterojunction  has 
attracted  much  attention  since  its  first  determination  in  1982  along  with  much 
controversy,  both  theoretical  and  experimental,  concerning  its  value.  The  magneto¬ 
optical  and  resonant  Raman  scattering1  measurements  performed  at  low  temperature 
yield  a  value  of  less  than  120meV  for  AEV  of  the  HgTe-CdTe(111)B  heterojunction. 
This  result  agrees  with  the  prediction  of  the  common  anion  rule2.  The  core  level 
X-ray  photoelectron  spectroscopy  (XPS)  measured  0.36eV3*4  at  room  temperature 
in  agreement  with  other  theoretical  predictions5  6.  The  method  of  determination 
using  only  the  cation  core  level  difference  is  questionable  because  there  is  no 
proof  that  the  difference  between  the  core  level  and  the  valence  band  maximum 
in  the  two  semiconductors  does  not  change  when  the  heterojunction  is  formed. 
This  change,  which  could  be  due  to  band  bending  and/or  interface  chemical  effect, 
would  make  such  an  indirect  determination  inappropriate.  Therefore,  we  have 
investigated  the  valence  band  structure  (VBS)  of  the  heterojunction  and  present 
here  the  first  direct  measurement  of  the  valence  band  discontinuity  of  the  HgTe- 
CdTe  heterojunction. 

The  HgTe-CdTe(l1l)B  Interface  was  grown  in  the  MBE  chamber  and  transferred 
under  UHV  conditions  into  the  analysis  chamber.  The  thickness  of  the  thin  overlayer, 
as  determined  from  the  core  level  XPS  peak  area,  was  chosen  between  15A  and 
30A.  The  X-ray  source  used  here  is  the  Al  line  which  has  the  energy  of 
1486.6eV. 

Since  the  escape  depth  of  the  valence  electrons  of  the  interface,  here,  is 
comparable  with  the  thickness  of  the  overlayer,  the  interface  XPS  spectrum  covers 
the  VBSs  of  the  overlayer,  substrate,  and  Interface  region.  We  have  reported  that 
the  intensities  of  the  substrate  and  overlayer  core  level  peaks  vary  with  thickness 
in  a  manner  consistent  with  an  exponential  attenuation,  indicating  that  the  interface 
is  abrupt  in  the  monolayer  range1.  In  other  words,  the  interface  region  is  so 
narrow  that  the  contribution  of  it  in  the  Interface  XPS  spectrum  of  the  VBS  can 
be  neglected. 

The  principle  of  the  direct  measurement  of  the  AEV  of  HgTe-CdTe  interface  is 
to  deconvolve  the  VBS  of  the  interface  spectrum  using  the  normalized  HgTe  and 


CdTe  valence  band  distribution.  This  normalization  considers  two  parameters. 
One  is  the  attenuated  intensities  of  the  clean  substrate  due  to  the  overlayer. 
The  other  one  is  energy  shifts  due  to  the  interface  band-bending  effect.  After 
least-square  fitting  process,  the  value  of  AEV  can  be  obtained.  We  report  here 
that  the  best  fit  gives  an  average  value  of  0.40eV  for  the  valence  band  discontinu¬ 
ity  of  HgTe-CdTe(11l)B  interface  with  different  thicknesses  and  growth  sequences. 
This  result  agrees  with  the  result  measured  from  the  core  level  XPS  method3-4. 
We  have  also  extended  this  method  to  the  measurement  on  the  AEV  of  the  HgTe- 
CdTe  heterojunction  in  the  (100)  orientation  and  found  that  AEV  is  equal  to  0.290 
eV. 
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VI-3-2  ELECTRICAL  DETERMINATION 


Several  Hg^CdxTe-CdTe-Hg^CdxTe  heterostructures  with  different  x,  doping 
level  and  barrier  thickness  have  been  grown  by  MBE  at  the  University  of  Illinois. 

The  study  of  the  current  voltage  behavior  resulted  in  a  determination  of  a 
valence-band  discontinuity  AEV  =  390  ±  75meV  at  T  =  300K.  This  result  is  in 
reasonable  agreement  with  XPS  results. 

This  work  has  been  done  in  collaboration  with  Prof.  McGill  group  at  Caltech. 

For  more  details  see  the  attached  paper.  However,  similar  analyses  of  current- 
voltage  data  taken  at  190-300K  suggest  that  the  valence-band  offset  decreases  at 
low  temperatures  in  this  heterojunction. 

ATTACHED  PAPERS: 

1.  'Electrical  determination  of  the  valence-band  discontinuity  in  HgTe-CdTe' 


Electrical  determination  of  the  valence-band  discontinuity  in  HgTe-CdTe 
heterojunctions 

O.  H.  Chow,  J.  O.  McCaldin,  A.  R.  Bonnefoi,  and  T.  C.  McGill 

r.  /  Watson.  Sr..  Laboratory  of  Applied  Physio.  California  Institute  of  Technology,  Pasadena, 

California  91123 

I.  K.  Sou  and  J.  P.  Faurie 

Department  of  Physics.  University  of  Illinois  at  Chicago.  Chicago,  Illinois  60680 

(Received  17  August  1987;  accepted  for  publication  22  October  1987) 

Current-voltage  behavior  is  studied  experimentally  in  a  Hgo  7I  Cdo Te-CdTe-Hgo  7,  Cdo  .«  Te 
heterostructure  grown  by  molecular  beam  epitaxy.  At  temperatures  above  160  K,  energy-band 
diagrams  suggest  that  the  dominant  low-bias  current  is  thermionic  hole  emission  across  the 
CdTe  barrier  layer.  This  interpretation  yields  a  direct  determination  of  390  ±  73  meV  for  the 
HgTe-CdTe  valence-band  discontinuity  at  300  K.  Similar  analyses  of  current-voltage  data 
taken  at  190-300  K  suggest  that  the  valence-band  offset  decreases  at  low  temperatures  in  this 
heterojunction. 


The  HgTe-CdTe  heterojunction  is  the  building  block  for 
a  number  of  interesting  device  structures  which  have  been 
experimentally  realized.  These  include  the  HgTe-CdTe  su¬ 
perlattice,1-7  the  resonant  tunneling  HgTe-Hg,  _  ,  Cd,  Te 
double  barrier  heterostructure,*'9  and  the  single  barrier 
Hg,  _  ,  Cd,  Te  negative  differential  resistance  heterostruc¬ 
ture.10'11  In  all  of  these  structures,  the  valence-band  offset, 
A£a  at  the  HgTe-CdTe  interface  is  an  important  quantity  in 
determining  device  behavior.  Several  theoretical  and  experi¬ 
mental  values  of  A E0  have  been  reported. 12-20  Most  recent¬ 
ly,  x-ray  photoemission  spectroscopy  (XPS)  experiments 
on  HgTe-CdTe  heterojunctions  have  yielded  values  of  ap¬ 
proximately  330  meV  for  Aff,  at  room  temperature.10'1* 
These  results  are  in  serious  disagreement  with  most  interpre¬ 
tations  of  published  superlattice  photoluminescence  data, 
which  indicate  that  A£„  must  be  nearly  OmeV  to  explain  the 
observed  high-energy  luminescence.2-7  The  XPS  results  are 
also  in  apparent  disagreement  with  earlier  low-temperature 
magnetoabsorption  experiments  which  yielded  a  value  of  40 
meV  for  A Ett , 20  although  it  has  been  suggested  that  these  two 
measurements  could  be  consistent  with  each  other  if  A E,  is 
temperature  dependent.21 

In  this  letter,  we  report  a  direct  electrical  measurement 
of  the  valence-band  discontinuity  at  the  HgTe-CdTe  inter¬ 
face.  The  sample  studied  was  grown  on  a  semi-insulating 
GaAs  substrate  by  molecular  beam  epitaxy  (MBE)  in  a 
Riber  2300  system.  The  active  region  consisted  of  a  CdTe 
barrier  layer  sandwiched  between  two  HganCdo^Te  elec¬ 
trodes.  Transmission  electroo  microscopy  (TEM)  showed 
that  the  CdTe  layer  was  180  A  thick.  The  HganCdo.uTe 
electrodes  were  doped  n  type  with  indium,  to  a  carrier  con¬ 
centration  of  3.6 x  101*  cm"2  at  30  K.  The  top  (bottom) 
electrode  was  0.3  ftm  (3  fsm)  thick.  A  2.3-pm  CdTe  buffer 
layer  preceded  the  growth  of  the  active  device  region  of  the 
heterostructure.  Mesas  were  fabricated  in  the  sample  by  wet 
etching  with  Br2;HBr:H20  in  a  0.003: 1 :3  ratio.  Au  was  used 
to  make  ohmic  contacts  to  both  the  tope  of  the  mesas  and  the 
etched  Hgo  Tt  Cdo  22  Te  surface,  forming  a  set  of  isolated  two- 
terminal  devices.  The  mesas  were  circular,  with  diameters 
ranging  from  33  to  70/im.  Several  distinct  preparations  of 


the  sample  were  performed,  with  over  100-devices  tested  in 
total  at  room  temperature.  Roughly  23%  of  the  devices  were 
“short-circuits,”  with  markedly  higher  currents  and  nearly 
linear  current-voltage  (/-F)  curves.  The  remainder  of  the 
devices  displayed  uniform  behavior,  with- overall  current 
densities  deviating  by  no  more  than  20%.  Measured  cur¬ 
rents  from  the  fabricated  devices  were  found  to  be  propor¬ 
tional  to  device  area,  indicating  that  edge  transport  mecha¬ 
nisms  were  not  significant. 

Figure  1  is  an  energy-band  diagram  for  the  heterostrac- 
rare  under  an  applied  bias  of  30  mV,  calculated  by  solving 
Poisson’s  equation  self-consistently  via  the  method  of  Boo- 
ncfoi  et  al.n  It  should  be  noted  that  the  calculated  band 
diagram  is  independent  erf  the  values  of  the  band  offsets, 
except  for  an  overall  shift  of  the  conduction-  and  valence- 
band  edges  in  the  CdTe  layer.  Figure  1  suggests  that  the 
dominant  source  of  current  at  high  temperatures  is  the  ther¬ 
mionic  emission  of  holes  from  the  Hgo^CdajjTe  cladding 
layers  across  the  CdTe  valence-band  barrier.  It  a  important 
to  note  that  die  n-type  doping  of  the  electrodes  doas  not 
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prohibit  this  transport  mechanism  because  the  band  gap  m 
Hgo?*Cdo22Te  is  small  (=200  meV).:3  At  zero  applied 
bias,  the  size  of  the  potential  energy  barrier  which  the  holes 
cross  is  given  by 

***,  -*,+  + 

where  Ef  is  the  Fermi  energy  relative  to  the  conduction- 
band  edge  in  the  Hgo?i  Cdo  22  Te  electrodes,  E't*~  0  221  is  the 
electrode  band  gap,  and  &£  1“  “022>  is  the  valence-band  off¬ 
set  between  Hgo.7*  Cd©  22  Te  and  CdTe.  For  all  reported 
theoretical  and  experimental  values  of  A£„,  the  potential 
energy  barrier  for  thermionic  emission  of  electrons  is  much 
larger  than  It  follows  that  thermionic  electron  cur¬ 
rents  can  be  ignored  for  this  heterostructure. 

A  simple  theoretical  treatment,  similar  to  the  Bethe 
model  for  Schottky  barriers,24  can  be  employed  to  calculate 
themynnic  hole  current  densities  across  the  CdTe  barrier  as 
a  function  of  applied  voltage.  The  resulting  expression  is 

where  A  *  is  the  modified  Richardson  constant,  T  is  the  tem¬ 
perature,  Fis  the  applied  voltage,  q  is  the  hole  charge,  k  is  the 
Boltzmann  constant,  and  c  is  the  fraction  of  the  total  applied 
voltage  which  drops  across  the  positively  biased 
HgonCdouTe  electrode.  For  this  single  barrier  hetero- 
stnicture,^  •isl20(m?)  in  A/cm2  K2,  where  m  J  is  the  unit- 
leas  hole  mass.  The  contributions  from  the  light-  and  heavy- 
hole  are  summed  to  give  the  total  current  from  this 
mechanism.  It  is  important  to  note  that  the  factor  c  is  a  func¬ 
tion  of  the  voltage  applied  across  the  heterostructure,  and 
must  therefore  be  calculated  from  the  energy-band  diagram 
for  each  individual  bias  condition.  The  value  of  c  generally  is 
in  the  range  0.25-0.40  for  the  heterostructure  studied  here, 
as  compared  to  the  case  of  a  Schottky  barrier,  where  c  «  1. 

For  applied  voltages  of  approximately  50  mV  and  high¬ 
er,  tunneling  of  holes  across  the  “triangular-shaped”  CdTe 
barrier  makes  a  contribution  to  the  total  current  through  the 
heterostructure.  This  transport  mechanism  can  be  treated 
theoretically  in  a  which  is  analogous  to  the  model 

for  the  thermionic  hole  current.  The  resulting  expression  for 
the  hole  tunneling  current  density,  J  hu ,  differs  from  that 
for  JtMmm  by  an  integral  term  which  replaces  the  factor 
exp(  -  A£i'-aMV*T): 
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In  this  expression, 
uV2  —  mfrf/kT , 

where  u,  is  the  group  velocity  of  the  holes  in  the  growth 
direction,  u0  ■  (2AE1, ?~aai/kT) ui,  and  t  *t  is  the  trans¬ 
mission  coefficient  for  holes  tunneling  through  the  CdTe 
barrier.  In  this  study,  we  have  calculated  t  *t  via  the  Went- 
zel-Kramerv-Brillouin  (WKB)  method.  A  two-band  k  p 
theory  formula23  was  used  to  find  imaginary  light-hole  wave 
vectors  in  the  CdTe  barrier,  while  imaginary  heavy-hole 


wave  vectors  were  determined  from  the  simple  "  tme-bana" 
formula. 

The  total  current  density  /  is  the  sum  o f/,herm  and  /  ,,un 
In  general,  the  thermionic  current  density  is  calculated  more 
accurately  than  the  tunneling  current  density  because  1  Vis 
strongly  dependent  on  many  parameters,  such  as  the  barner 
thickness,  CdTe  effective  masses,  and  the  applied  voltage.  It 
is  therefore  prudent  to  restrict  analysis  of  experimental  data 
to  those  voltagesat  which/, htnn  is  expected  to  dominate.  For 
this  heterostructure,  it  has  been  estimated  that  /hlun  be¬ 
comes  large  (greater  than  30%  of  the  current)  when  F>  100 
mV.  At  room  temperature,  J,httm  and/htun  are  much  greater 
than  the  electron  tunneling  current  /„„„ .  However,  negative 
differential  resistance  regions  have  been  observed  in  I-V 
characteristics  taken  at  T  =  4.2  K,  indicating  that  electron 
tunneling  becomes  an  important  transport  mechanism  at 
low  temperatures.  These  results  will  be  reported  elsewhere. 1 1 

Figure  2  contains  a  typical  experimental  current  den¬ 
sity-voltage  (/-F)  characteristic,  taken  at  room  tempera¬ 
ture.  Also  shown  is  a  theoretical  curve,  which  is  obtained  by 
setting  A£  J*  “022)  =  285  meV  in  our  simple  model  of  the  /- 
F behavior.  A£J*“a22)  was  chosen  by  requiring  the  calcu¬ 
lated  and  experimental  currents  to  be  the  same  at  50  mV,  and 
was  the  only  adjustable  parameter  used.  Selecting  different 
values  of  the  applied  bias  results  in  variations  of  IE  “  0  221 
by  roughly  ±  10  meV  over  the  voltage  range 0-200  mV,  well 
beyond  the  100-mV  limit  discussed  above.  This  supports  the 
assertion  that  virtually  all  of  the  current  in  the  heterostroc- 
ture  is  due  to /ttann  and  /hnna .  In  fact,  the  shape  of  the  theo¬ 
retical  /-F  curve  is  nearly  independent  of  the  choice  of 
Aff  *  0  22>,  which  enters  the  expression  for  /,hOT1  only  in  a 
voltage-independent  multiplicative  factor.  Over  75  devices 
(those  which  were  not  shorted,  as  described  previously) 
were  tested  at  room  temperature.  In  all  cases,  *022’ 
was  found  to  be  within  10  meV  of  the  value  obtained  in  Fig. 
2.  Due  to  the  presence  of  Hg  flux  during  the  growth  of  CdTe 
layers,  it  is  expected  that  the  barrier  material  is  actually 
Hgo.osCdo.vsTe.24  Therefore,  the  experimentally  obtained 
value  of  A.g<*"0M)  actually  represents  the  valence-band 
discontinuity  at  a  Hgo.7»  Cdg  jjTc-Hgoos  Cd^  Te  interface. 


FIO  2.  Eapenmenul/-*' 
curve  (solid  liMi  taken 
at  room  temperature. 
Abo  plotted  t*  a  Seal  lit 
curve  calnilatad  for  a 
HgTe-CdTt  v»j«nce- 
band  atm  erf  390  meV 
(dashed  Itnei  af.  is  the 
only  adjustable  param¬ 
eter  used  to  generate  the 
best  lit  curve. 
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Assuming  a  linear  variation  of  the  valence-band  edge  in 
Hg,-«CdtTe  with  x,  l£,  is  then  determined  to  be 
390  ^  75  meV.  The  estimated  error  has  been  assigned  by 
combining  the  previously  discussed  variation  in  “  0  211 
with  the  following  sources  of  uncertainty:  (i)  nonuniformity 
across  the  sample,  (ii )  uncertainty  in  cladding  layer  compo¬ 
sitions  and  band  gaps,  ( iii )  the  percentage  of  alloying  of  the 
CdTe  barrier  due  to  incorporation  of  Hg  during  growth,  and 
(iv)  errors  made  in  determining  the  transmission  coeffi¬ 
cients  for  hole  tunneling. 

Further  l-V  measurements  were  made  on  over  20  de¬ 
vices  in  a  low-temperature  microprobe  station.  Electron  tun¬ 
neling  currents  were  found  to  be  insignificant  for  tempera¬ 
tures  above  160  K.  Consequently,  we  report  data  here  for 
190  K  and  higher.  Analysis  of  the  low-temperature  data  was 
performed  in  the  same  manner  as  described  previously  for 
room-temperature  measurements,  producing  theoretical  J- 
V  curves  which  agreed  within  5%  of  the  experimental  char¬ 
acteristics  over  the  voltage  range  0-100  meV. 

Figure  3  is  a  plot  of  the  values  of  LEV  which  were  deter¬ 
mined  as  a  function  of  temperature,  along  with  a  corre¬ 
sponding  scale  for  <  *  -  011  > .  Examination  of  Fig.  3  reveals 
that  the  band  offset  is  found  to  vary  strongly  with  tempera¬ 
ture — an  effect  that  has  not  been  reported  previously,  to  the 
best  of  the  authors’  knowledge.  For  example,  it  is  found  that 

=  245  ±  70  meV  at  T  =  190  K.  Band  offset  theories  are 
at  an  early  stage  of  development,  with  no  temperature  de¬ 
pendence  yet  estimated.  It  is  possible  that  a  transport  mecha¬ 
nism  which  has  not  been  considered  may  be  contributing  to 
the  observed  currents.  This  could  lead  to  false  determina¬ 
tions  of  the  low-temperature  band  offsets.  However,  the  ob¬ 
served  agreement  between  the  theoretical  and  experimental 
/-^curves,  without  the  use  of  any  free  parameters  other  than 
££u-oi2i'  suggest  that  the  correct  current  transport 
mechanisms  have  been  included.  It  should  be  noted  that  the 
observed  current  decreases  exponentially  as  the  temperature 
decreases  (as  is  expected  for  thermionic  mechanisms),  de¬ 
spite  the  decrease  in  A£„ .  This  is  reasonable  because  d**, 
includes  terms  which  do  not  vanish  at  T— 0  K.  Further¬ 
more,  the  recent  observation  of  negative  differential  resis¬ 
tance  at  T  *  4.2  K  is  consistent  with  a  valence-band  offset 


'emowatur*  (K) 

FIG.  3.  Temperature  dependence  of  HgTe-CdTe  valence-band  oftet,  u  de¬ 
termined  from  experimental  /•F curve*.  Also  plotted  is  the  corresponding 
scale  for  the  offset  at  the  HionCdguTe-HionCdoMTe  interface, 
££  i « -  o  u  >  1Mumin|  a  lineu  dependence  on  composition,  i.e.. 

-0.73  AS, 
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which  is  much  smaller  than  the  room-temperature  vaiue 

In  this  letter,  we  have  experimentally  and  theoretically 
studied  the  current-voltage  behavior  of  a  Hgo  7»  C<i, 22  Te- 
CdTe-Hg0.T*Cd0  22Te  heterostructure.  Interpretation  of  the 
measured  current  as  being  dominated  by  thermionic  and 
tunneling  hole  currents  resulted  in  a  determination  of 
&EV  =  390  ±  75  meV  at  T=  300  K.  This  result  is  in  reason¬ 
able  agreement  with  recent  XPS  measurements.  A  similar 
analysis  of  low-temperature  data  indicates  that  the  valence- 
band  offset  has  a  strong  and  previously  unreported  tempera¬ 
ture  dependence,  with  becoming  smaller  for  low  T. 
However,  other  transport  mechanisms  may  have  contribut¬ 
ed  to  the  low-temperature  currents,  leading  to  erroneously 
low  values  of  . 
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VI-3-3  TEMPERATURE-DEPENDENT  PHOTOEMISSION  STUDY  OF  HgTe-CdTE 
VALENCE-BAND  DISCONTINUITY  (A) 

Temperature-dependent  experiments  using  x-ray  photoelectron  spectroscopy 
(XPS)  and  ultraviolet  photoelectron  spectroscopy  (UPS)  have  been  carried  out  in 
order  to  flgrue  out  if  the  discrepancey  beteeen  optical  data  and  photoemission 
experiments  could  be  explained  by  a  temperature-related  variation  of  A.  (see 
section  VI-3-1) 

The  samples  have  been  cooled  at  110K  for  the  XPS  experiments  and  at  SOK 
for  UPS.  At  room  tmperature  we  confirmed  that  A  is  positive  (i.e.  HgTe  VBM  lies 
within  the  forbidden  gap  of  CdTe  in  the  heterostructure)  and  relatively  large  (A  = 
0.35  ±  0.05eV).  Moreover  we  found  that  A  changes  by  only  a  few  millivolts 
between  300K  and  50K,  with  an  estimated  uncertainty  of  ~60meV. 

Therefore,  the  relatively  large  discrepancy  reported  before  cannot  be  explained 
in  terms  of  a  temperature  dependence  of  A.  For  more  details  see  the  attached 
paper. 
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We  have  studied  the  temperature  dependence  of  the  CdTe-HgTe  valence-band  discontinuity  with 
x-ray  photoelectron  spectroscopy  ( XPS )  and  ultraviolet  photoelectron  spectroscopy  ( UPS ) .  The 
samples  have  been  cooled  at  1 10  K  for  the  XPS  experiments  and  at  50  K  for  UPS.  At  room 
temperature,  we  measure  a  valence-band  discontinuity  of  0.35  ±  0.05  eV,  in  agreement  with 
previous  photoemission  results.  The  valence-band  discontinuity  is  found  to  change  by  only  a  few 
millivolts  between  room  temperature  and  50  K,  with  an  estimated  uncertainty  of  —60  meV. 


I.  INTRODUCTION 

HgTe-CdTe  superlattices  have  received  a  great  deal  of  inter¬ 
est  over  the  past  several  years  due  to  their  potential  use  for 
infrared  detectors.1  One  important  parameter  in  determin¬ 
ing  the  electronic  properties  of  these  superlattices  is  the  va¬ 
lence-band  discontinuity  A  between  the  HgTe  and  CdTe  lay¬ 
ers.  The  value  of  this  valence-band  discontinuity  has  been 
the  subject  of  many  theoretical  and  experimental  investiga¬ 
tions.  Nevertheless,  it  is  still  a  matter  of  considerable  dis¬ 
pute.2 

The  first  direct  determination  of  A  with  x-ray  photoemis- 
sion  spectroscopy  was  performed  by  Kowalczyk  et  al* 
These  measurements  required  a  few  minutes  of  air  exposure 
of  the  sample.  They  found  a  positive  valence-band  discontin¬ 
uity  of  A  *  0.35  ±  0.06  eV;  i.e.,  the  valence-band  maximum 
of  HgTe  lies  within  the  CdTe  band  gap.  A  very  similar  value 
( A  =  0.36  ±  0.05  eV)  was  obtained  by  Due  et  al.*  using  x- 
ray  photoelectron  spectroscopy  (XPS)  without  exposing 
the  samples  to  air. 

On  the  other  hand,  experimental  data  from  resonant  Ra¬ 
man  scattering,1  from  infrared  transmission  and  lumines¬ 
cence  and  from  magneto-optical  experiments6  agree  with  a 
small  valence-band  discontinuity  (A  <  120  meV).  The  rea¬ 
son  for  this  discrepancy  between  the  optical  data  and  the 
photoemission  measurements  is  still  not  understood  at  the 
present  time.  The  XPS  results  were  obtained  at  room  tem¬ 
perature,  whereas  the  optical  experiments  were  carried  out 
mainly  at  low  temperature.  It  has  therefore  been  suggested 
to  perform  temperature-dependent  experiments  in  order  to 
figure  out  if  this  discrepancy  can  be  explained  by  a  tempera¬ 
ture-related  variation  of  A.7 

Direct  electrical  measurements  of  A  on  a  single-barrier 
heterostructure  Hgo  7,  Cdo  n  Te-CdTe-Hgo,,  Cdo  »  Te 

have  been  reported  recently.6  The  interpretation  of  the  re¬ 


sults  yields  a  direct  determination  of  390  ±  75  meV  for  the 
HgTe-CdTe  valence-band  discontinuity  at  300  K.  The  anal¬ 
ysis  of  current-voltage  data  taken  at  190-300  K  seems  to 
indicate  that  the  valence-band  offset  decreases  at  low  tem¬ 
perature  in  this  heterojunction. 

In  this  paper,  we  present  the  results  of  photoemission  ex¬ 
periments.  We  will  show  that  the  large  difference  between 
results  from  photoemission  and  from  optical  experiments 
cannot  be  explained  by  a  temperature  dependence  of  A. 

II.  EXPERIMENTAL 

All  the  samples  analyzed  in  this  work  were  grown  by  mo¬ 
lecular-beam  epitaxy  (MBE)  in  a  Riber  MBE  2300  ma¬ 
chine.  CdTe(  111  )J?  substrates  were  used.  The  substrate 
preparation  and  the  MBE  growth  have  been  described  else¬ 
where.9  Three  types  of  samples  have  been  measured:  200- 
nm-thick  layers  of  CdTe  and  HgTe  and  heterostructures  of 
HgTe-CdTe.  These  latter  samples  were  200-nm-thick  HgTe 
layers  covered  with  1-3  nm  thick  CdTe  layers.  The  samples 
were  then  kept  under  argon  until  they  were  introduced  into 
the  spectrometer.  The  measurements  were  carried  out  first 
in  a  Hewlett-Packard  5930A  electron  spectrometer  with  a 
monochromatized  Al  Ka  source.  The  sample  temperature 
could  be  varied  between  1 10  K  and  room  temperature  for 
these  measurements.  A  second  batch  of  samples  was  mea¬ 
sured  in  an  ADES-400  spectrometer  with  a  He  resonance 
lamp.  In  this  latter  case,  gentle  argon  ion  sputtering 
(Ef  =*  500  eV)  was  required  to  clean  the  samples,  due  to  the 
higher  surface  sensitivity  of  ultraviolet  photoeaussaon  spec¬ 
troscopy  (UPS)  as  compared  to  XPS.  In  the  ADES-400 
spectrometer,  the  samples  could  be  cooled  with  liquid  heli¬ 
um.  In  practice,  the  lowest  temperature  we  have  used  for  the 
measurements  was  ~  50  K.  At  lower  temperatures,  severe 
sample  charging  occurs  with  the  CdTe  samples.  As  a  result. 
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it  becomes  impossible  to  measure  UPS  spectra  over  a  reason¬ 
able  period  of  time  below  SO  K. 

III.  RESULTS 

A.  X-ray  photoemlsalon  spectroscopy 

The  determination  of  the  valence-band  discontinuity  be¬ 
tween  HgTe  and  CdTe  with  XPS  has  been  discussed  in  sever¬ 
al  papers.1'4  7  The  method  is  based  on  the  measurements  of 
three  energy  differences:  A£CT  (Cd  4 din 

-Hg  5d,n),  and 

A£c i  (Cd  4 di/2  —  Hg  5dsn)  is  the  energy  separation  be¬ 
tween  the  Cd  4 dtn  and  Hg  5 din  core  levels  across  a  HgTe- 
CdTe  heterojunction,  E  .  —  E  yjJJ  is  the  binding  ener¬ 
gy  of  the  Hg  5dsn  core  level  with  respect  to  the  valence-band 
maximum  (VBM)  in  HgTe,  and  £  cS«i„.  -  E  vbm  is  the 
corresponding  value  for  the  Cd  4d5/2  core  level  in  CdTe.  The 
valence-band  discontinuity  is  finally  obtained  according  to 
the  relation: 

A  =  (£&«£.„  -  £»  -  ~  E  VBM  ) 

+  A£a  (Cd  4 d,/2  -  Hg  5 din ) .  ( 1 ) 

The  position  of  the  core  levels  involved  in  Eq.  ( 1 )  is  ob¬ 
tained  from  a  least-squares  curve-fitting  procedure.  The 
most  critical  part  is  therefore  the  localization  of  the  valence- 
band  maximum  for  each  of  the  binary  compounds.  How¬ 
ever,  since  the  density  of  states  close  to  the  VBM  is  very 
similar  in  HgTe  and  CdTe,  a  linear  extrapolation  of  the  lead¬ 
ing  edge  in  the  valence-band  spectra  can  be  used  to  locate  the 
VBM,  because  any  systematic  error  associated  with  this  pro¬ 
cedure  will  cancel  in  Eq.  ( 1 ).  At  this  stage,  we  do  not  intend 
to  deduce  a  new  value  of  the  HgTe-CdTe  valence-band  dis¬ 
continuity  from  the  room-temperature  XPS  data.  The  rea¬ 
son  is  that  we  have  been  working  on  one  single  batch  of 
samples  that  were  exposed  to  air,  whereas  some  of  the  earlier 
XPS  results4-7  were  obtained  from  many  different  samples 
without  taking  them  out  of  the  ultrahigh  vacuum  environ¬ 
ment.  However,  we  note  that  for  each  of  the  three  terms  in 
Eq.  ( 1 ),  our  results  agree  with  those  obtained  in  earlier  ex¬ 
periments4'7  to  within  the  published  uncertainty.  This  con¬ 
firms  the  validity  of  our  method  and  attests  to  a  high  quality 
of  our  samples. 

We  have  checked  the  temperature  dependence  of  the  va¬ 
lence-band  discontinuity  by  cooling  the  samples  to  1 10  K. 
Figure  1  shows  the  core-level  and  valence-band  spectra  ob¬ 
tained  from  a  CdTe-HgTe  heterojunction  at  room  tempera¬ 
ture  and  at  1 10  K.  The  two  spectra  are  remarkably  similar, 
especially  as  far  as  the  positions  of  the  different  features  are 
concerned.  This  gives  a  feeling  of  how  small  the  tempera¬ 
ture-induced  changes  of  the  valence-band  discontinuity  are. 
We  have  also  investigated  the  effect  of  cooling  on  the  CdTe 
and  HgTe  spectra.  In  none  of  these  cases  did  we  see  any 
significant  effect.  We  therefore  decided  to  use  UPS  which 
provides  better  energy  resolution  for  this  kind  of  experiment. 
Moreover,  in  the  UPS  spectrometer,  the  samples  could  be 
cleaned  in  situ  and  cooled  with  liquid  helium.  These  results 
will  be  presented  in  the  next  part  of  this  paper. 


Binding  energy  (eV) 


Fto.  i  Comparison  between  the  XPS  spectra  of  the  Hg  Id  and  Cd  4d  core 
levels  and  of  the  valence  band  measured  on  a  CdTe-HgTe  heterojunction  at 
room  temperature  (solid  tine)  and  at  110  K  (dots).  The  binding  energy  is 
measured  with  respect  to  the  Fermi  level. 

B.  Ultraviolet  photoemlsalon  spectroscopy 

UPS  spectra  were  recorded  using  the  He  i  (hv  =  21.22 
eV)  and  He  II  (hv  =  40.82  eV)  excitation  lines.  The  samples 
were  cleaned  by  gentle  argon-ion  sputtering,  and  the  sample 
cleanliness  was  inferred  directly  from  the  UPS  spectra.  The 
geometry  used  for  this  experiment  was  grazing  incidence 
and  normal  emission.  However,  k  resolution  is  lost  due  to  the 
surface  roughening  induced  by  the  sputtering.  Our  spectra 
should  thus  be  analyzed  like  conventional  angle  integrated 
UPS  spectra. 

Figure  2  shows  typical  UPS  spectra  obtained  from  CdTe. 
from  HgTe,  and  from  a  CdTe-HgTe  heterojunction.  These 
spectra  have  been  shifted  on  the  energy  scale  in  order  to  align 
the  core  levels  ( i.e.,  the  Cd  4 din  in  CdTe  with  the  Cd  4 4.  .  in 
the  heterojunction,  and  the  Hg  5 din  in  HgTe  with  the 
Hg  5d,,jin  the  heterojunction ) .  The  zero  of  the  energy  scale 
is  arbitrarily  chosen  to  coincide  with  the  HgTe  VBM  which 
is  located  by  a  linear  extrapolation  of  the  leading  edge  in  the 
valence-band  spectrum.  One  can  clearly  see  that  the  HgTe 
VBM  lies  within  the  forbidden  gap  of  the  CdTe  in  the  hetero- 
junction. 

For  the  determination  of  A,  we  rewrite  Eq.  1 1 )  in  the 
following  form: 

A  =  (£|J»Va.,:  -  >  +  Affci  <«  *d, -  Hg  <d.  ; . 

—  (£  ~  £v»m  )  •  1  “  * 

All  the  energies  are  measured  with  respect  to  an  indepen¬ 
dent  reference  level,  e.g.,  the  spectrometer  vacuum  level. 
The  core-level  binding  energies  are  then  determined  by  a 
least-squares  fit  of  mixed  Gaussian- Loren tzian  spui-orbit 
doublets  to  the  data.  The  two  first  terms  in  Eq.  <  2 )  art  thus 
known  very  accurately  (  ±  15  meV  each).  From  our  data 
obtained  with  the  He  u  excitation,  we  deduce  the  following: 

EZfr„-E%^„  -  -  2.876  ±  0.015  eV. 

A£a  (Cd  4 -  Hg  5 </,„)  -  2.723  ±  0.01 5  eV 

The  results  of  these  least-squares  fits  are  shown  in  Fig  3. 
The  last  term  in  Eq.  (2)  is  obtained  by  measuring  the  shift 
which  is  needed  to  superpoee  the  leading  edge  of  the  CdTe 
valence-band  spectrum  on  the  corresponding  feature  in 
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FiC.  2.  UPS  spectra  from  (a)  HgTe,  (b)  a  CdTe-HgTe  heterojunction,  and 
(c )  from  CdTe.  These  spectra  have  been  shifted  to  align  the  core  levels  ( the 
Cd  4rf„2  in  CdTe  with  the  Cd4J,,,in  the  heterojunctioo,  and  the  Hg  id,n 
in  HgTe  with  the  Hg  id, , .  in  the  heterojunction ) .  The  binding-energy  scale 
is  referred  to  the  HgTe  VBM  obtained  by  linear  extrapolation  of  the  leading 
edge  in  the  HgTe  valence-band  spectra. 


0  1  2  9  4  S 


FlO.  J.  Typical  core-level 
spectra  measured  with  the 
Ha II excitation  (*»■  40.S2 
eV)  on  HgTe,  CdTe,  and  on  a 
CdTe-HgTe  heterojunction. 
The  experimental  data 
(dots)  are  shown  together 
with  representative  results 
from  least-squares  fits  (solid 
lines)  of  spin-orbit  doublets. 


0  12  3  4  S 

rat.  bmdmg  anargy  ItV) 


Ftc.  4.  Alignment  of  the  VBM  of 
CdTe  (solid  line)  and  HgTe 
(dots)  at  room  temperature.  The 
binding  energies  quoted  here  are 
measured  with  respect  to  the  CdTe 
and  HgTe  VBM  which  are  equal 
after  alignment  of  the  spectra. 


HgTe  valence-band  spectrum  (Fig.  4).  Since  the  two  binary 
compounds  have  a  similar  density  of  states  close  to  the 
VBM,  this  shift  can  be  measured  to  a  very  high  accuracy.  We 
find 

E &£  ~Ey SB  -  -  0.50  ±  0.03  eV  . 

This  separation  was  measured  on  the  He  I  excited  valence- 
band  spectra.  However,  in  order  to  work  under  very  stable 
conditions,  the  resonance  lamp  was  operated  at  low  He  pres¬ 
sure  to  record  both  the  He  i  and  He  ii  spectra.  Finally,  we 
obtain,  according  to  Eq.  (2): 

A  =  -  2.876  +  2.723  +  0.50 
=  0.35  ±  0.05  eV , 

in  excellent  agreement  with  previous  XPS  results. 

The  escape  depth  of  the  photoelectrons  is  much  smaller  in 
UPS  than  in  XPS.  For  the  data  in  Fig.  2,  the  thickness  of  the 
CdTe  layer  is  thus  very  small,  probably  on  the  order  of  I  nm. 
It  is  therefore  remarkable  that  these  data  agree  very  nicely 
with  previous  XPS  data,4-7  obtained  for  CdTe  layer  thick¬ 
nesses  up  to  4  nm.  This  gives  us  strong  confidence  in  our 
UPS  data  and  in  the  following  temperature-dependent 
study. 

The  temperature  dependence  of  the  valence-band  discon¬ 
tinuity  can  be  determined  very  accurately,  because  a  precise 
knowledge  of  the  separation  between  the  core  levels  and  the 
valence-band  maxima  is  not  required  anymore.  In  turn,  all 
we  need  to  measure  now  is  the  energy  separation  between 
same  features  in  spectra  measured  under  different  condi¬ 
tions. 

Figure  5  shows  the  UPS  spectra  for  CdTe,  HgTe.  and  the 
CdTe-HgTe  heterojunction,  obtained  at  room  temperature 
and  at  50  K.  Again,  these  spectra  have  been  shifted  to  align 
the  core  levels  as  was  explained  for  Fig.  2.  Below  50  K.  it  was 
impossible  to  achieve  stable  and  reproducible  results  on 
CdTe  due  to  severe  sample  charging.  Even  at  50  K.  the  CdTe 
sample  charges  positively,  but  a  stable  situation  could  be 
maintained  for  at  least  1  or  2  h. 

For  each  of  the  binary  compounds,  the  temperature  de¬ 
pendence  of  the  core-level  binding  energies  referred  to  the 
VBM  is  determined  very  accurately  by  alignment  of  these 
valence-band  maxima  measured  at  room  temperature  and  at 
50  K  ( Fig.  6).  For  clarity,  we  write  these  binding  energies  as 

B3*-Ea  -Evw*.  (3) 

and  we  define 

A£CT  -  £(Cd  4d,/j)  -  £(Hf  5rf„j)  (4) 


2  10-1 
Re!,  binding  energy  (eV) 
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Fig.  3.  Same  as  Fig.  2.  but  spectra  obtained  at  50  K  are  shown  for  compari¬ 
son  (dots). 

across  the  heterojunction.  We  then  obtain 
£a’M( Hg  5 din,  300  K)  -  £^M(Hg  5d,n,  50  K) 

=  —  23  meV , 

£a8M( Cd  4 dsli,  300  K)  -  £^M(Cd  4dsn,  50  K) 

=  10  meV , 

&£a(300  K)  -  A£a '50 K)  =  19 meV . 

The  net  result  is  that  the  valence-band  discontinuity  A  is 
found  to  decrease  by  only  a  few  millivolts  between  room 


temperature  and  50  K,  with  an  estimated  uncertainty  of 
-  60  meV. 

IV.  CONCLUSIONS 

In  this  paper,  we  have  presented  a  photoemission  study  of 
the  temperature  dependence  of  the  HgTe-CdTe  valence- 
band  discontinuity.  This  work  was  motivated  by  the  large 
discrepancy  between  previous  photoemission  results  ob¬ 
tained  at  room  temperature  and  data  from  magneto-optical, 
resonant  Raman  scattering  and  infrared  photoluminescence 
experiments  mostly  performed  at  tow  temperature.  While 
the  former  experiments  are  consistent  with  a  relatively  large 
valence-band  discontinuity  of  —  350  meV,  the  latter  agree 
with  a  smaller  value  of  A  <  120  meV. 

The  measurements  presented  here  are  x-ray  and  ultravio¬ 
let  photoemission  experiments.  We  confirm  that,  at  room 
temperature,  A  is  positive  (i.e.,  the  HgTe  VBM  lies  within 
the  forbidden  gap  of  CdTe  in  the  heterostructure)  and  rela¬ 
tively  large  (A  =  0.35  ±  0.05  eV).  Moreover,  we  found  that 
A  changes  by  only  a  few  millivolts  between  room  tempera¬ 
ture  and  50  K,  with  an  estimated  uncertainty  of  —60  meV. 
Therefore,  the  relatively  large  discrepancy  reported  above 
cannot  be  explained  in  terms  of  a  temperature  dependence  of 
the  valence-band  discontinuity. 
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Fkj.  6.  Alignment  of  the  va¬ 
lence-band  maxima  mea¬ 
sured  at  roots  temperature 
(docs)  and  at  50  K  (solid 
lioe)  for  CdTe  and  HgTe. 
These  spectra  have  bees  ob¬ 
tained  with  He  I  excitation. 
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VII  STIMULATED  EMISSION  FROM  CdTe/HgCdTe  HETEROSTRUCTURES  GROWN 

BY  MBE 

Mercury  based  II— VI  semiconductor  heterostructures  are  one  of  the  potential 
laser  sources  in  the  near  and  mid-infrared  (IR)  regions  (l-5pm)  for  long  distance 
data  communications.  Moreover,  it  has  been  recently  theoretically  predicted  that 
these  compounds  are  less  than  III— V  compounds  by  the  limiting  Auger  recombination 
process  in  the  1.5pm  wavelength  region. 0)  Hence  these  compounds  should  be  able 
to  compete  favorably  with  the  current  III— V  semiconductor  lasers. 

Although  MCT  has  been  a  very  important  material  in  the  IR  detector  technology, 
its  potential  as  a  material  for  the  development  of  IR  lasers  has  not  been  fully 
explored.  Our  task  in  this  program  was  related  to  the  growth,  characterization 
and  device  processing  of  IR  laser  sources  in  the  l-5pm  wavelength  range.  This 
program  was  also  supported  by  the  Strategic  Defense  Initiative  Organization/Innovative 
Science  and  Technology  Office  and  monitored  by  the  Naval  Research  Laboratory 
under  contract  No.  N00014-87-C-2043. 

This  program  has  been  very  successful.  We  have  reported  the  first  observation 
of  photoluminescence  from  CdTe/Hg1_yCdyTe/Hg1_xCdxTe  (y  >  x)  separate  confinement 
heterostructure.  Fast  progess  has  been  obtained  soon  after  since  stimulated 
emission  at  2.4pm  from  a  Hg1_xCdxTe(100)  MBE  epllayer,  at  2.25pm  from  a  CdTe/- 
Hgt_xCdxTe/CdTe  double  heterostructures  and  at  2.4pm  from  a  CdTe/Hg^yC- 
dyTe/Hg^xCdxTe  multi-quantum  well  separate  confinement  heterostructure  (MQWSCH) 
have  been  observed. 

Pulsed  stimulated  emission  was  observed  from  the  MQWSCH  up  to  77K. 
Furthermore,  the  threshold  for  the  lasing  action  in  the  MQWSCH  is  one  order  of 
magnitude  lower  than  optically  pumped  GaAIAs  semiconductor  lasers  operating  at 
0.9pm  and  about  a  factor  of  3  lower  than  the  AIGaSb/lnAsSb  lasers  operating  at 
3.9pm.  Although  we  cannot  make  a  direct  comparison  of  threshold  powers  due  to 
the  different  wavelengths  of  operation  of  these  lasers,  this  difference  is  an 
indication  of  the  expected  trend  in  Hg-based  li-VI  compound  laserst1)  which  is 
extremely  promising  for  the  use  of  Hg-based  heterostructures  as  laser  sources  in 
the  infrared.  For  more  details  see  that  attached  papers. 
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We  report  the  first  observation  of  photoluminescence  from  CdTe/Hg,  _  ,Cd,Te/Hg,  _  xCdxTe 
(y>x)  separate  confinement  heterostructures  grown  by  molecular  beam  epitaxy.  The  spectral 
shape  is  determined  by  the  band  filling  of  electrons  in  the  well  which  is  due  to  a  charge  transfer 
effect.  There  is  an  appearance  of  high-energy  transitions  at  high  temperatures.  The  strong 
photoluminescence  from  the  layer  is  highly  promising  for  the  observation  of  the  laser  action. 


There  is  a  considerable  technological  interest  in  the  de¬ 
velopment  of  laser  sources  in  the  mid-infrared  range  (2-5 
fsm)  for  long  distance  data  communications.  Hg-based  al¬ 
loys  and  heterostructures  are  one  of  the  potential  laser 
sources  in  this  region.  Whereas  Hg-based  alloys  are  the  most 
important  rnat^fiaU  for  IR  detection,  surprisingly  very  little 
has  been  published  on  these  II- VI  semiconducting  com¬ 
pound  based  lasers. 1,2  Quantum  well  (QW)  lasers  have  well 
<"itabli«had  advantages  over  the  double-heterostructure 
(OH)  lasers  in  III-V  semiconducting  alloys.  Reduction  of 
the  threshold  current  density  and  improvement  in  modula¬ 
tion  properties  have  been  reported  in  GaAa/AlGaAs  QW 
lasers.3  Lasing  action  has  been  observed  in  many  other  mate¬ 
rial  systems  when  the  quantum  wells  are  placed  in  a  separate 
confinement  optical  cavity.4-5  Recently,  photoluminescence 
(PL)  has  been  observed  from  a  CdTe/Hg,  _xCdxTe  super¬ 
lattice  placed  in  a  double  heterostructure.6  We  present  in 
this  letter  the  first  observation  of  photoluminescence  from  a 
CdTe/Hg, .  ,Cd,Te/Hg,  _  .Cd.Te  (y>x)  single  quantum 
well  separate  confinement  heterostructure  (SCH)  grown  by 
molecular  beam  epitaxy  (MBE).  To  the  best  of  our  knowl¬ 
edge,  this  is  the  first  SCH  grown  in  the  CdTe/Hg,  _ , Cd.Te 
system. 

A  schematic  of  the  single  quantum  well  separate  con¬ 
finement  heterostructure  is  shown  in  Fig.  1  The  x  value 
(0.36)  of  the  active  layer  Hg^Cd^Te  corresponds  to  a 
band  gap  of  340  meV  (~  3.67  pm )  at  77  K.  We  choose  the 
thickness  of  the  confinement  layer  (7500  A)  that  optimizes 
the  optical  confinement  factor  in  a  500 A  well  QW  laser.  The 
quantum  well  energy  levels  are  calculated  using  the  envelope 
function  approximation.7  We  included  the  non  parabolic!  ty 
of  the  conduction  band  and  neglected  any  band  mixing  ef¬ 
fects  in  the  valence  band  in  our  calculations.  We  used*  a 
value  of  65  meV  for  the  valence-band  oAet  between 
Hga4]Cdo.]jTe  and  Hgo^Cd^Te.  The  electroo  effective 
mass  at  the  bottom  of  the  conduction  band  is  calculated  us- 
ing  the  expression 

m*  -  {l#/*P2)Et, 

where  Pis  the  matrix  element  and  Et  is  the  band  gap.  The 
band  gap  is  determined  using  the  expression  given  by  Han¬ 
sen  et  al?  For  heavy  hole  effective  mass,  we  used  a  value  of 
0.3m„. 

The  SCH  was  grown  by  MBE  in  a  RJBER  2300  MBE 


machine.  The  substrate  is  a  semi-insulating  CdTe  ( 100). 
The  growth  temperature  for  the  bottom  CdTe  layer  was 
300  *C  and  that  for  both  Hg^jCdajjTe  and  Hg^Cdo  j*Te 
layers  was  185  *C.  Two  CdTe  effusion  cells  were  used  to 
grow  the  two  mercury  telluride  layers  with  differ¬ 

ent  x  values.  The  3000  A  top  CdTe  layer  was  grown  at  a 
substrate  temperature  of  185  *C  to  prevent  any  possible  dif¬ 
fusion  of  mercury  from  the  confinement  layer  into  this  layer. 
The  individual  layer  thicknesses  were  determined  from  the 
growth  rates  of  thick  calibration  layers  grown  under  identi¬ 
cal  growth  conditions.  The  detail  of  the  growth  of  Hg-based 
alloys  has  been  given  elsewhere.10 

Photoluminescence  experiments  were  performed  on 
this  structure.  A  cw  Nd:YAO  laser  (A  *  1.06 pm)  was  used 
for  photoexcitation.  Samples  were  photoexcited  from  the 
front  side  through  the  3000  A  CdTe  layer.  Since  the  excita¬ 
tion  energy  is  below  the  band-gap  energy  of  CdTe.  earners 
are  mainly  created  in  the  wider  gap  Hg,  _,Cd,Te  confining 
layer.  Samples  were  not  in  the  form  of  optical  cavities  to 
observe  stimulated  emission.  Samples  were  cooled  m  a  Jams 
variable  temperature  closed-cycle  helium  cryostat.  The  lu¬ 
minescence  was  analyzed  using  a  0.75  m  grating  monochro¬ 
mator  and  lock-in  detection  technique.  A  cooled  U»Sb  detec¬ 
tor  was  used  to  collect  the  luminescence. 

Figure  2  shows  the  PL  spectra  of  a  SCH  measured  at 
four  different  temperatures.  The  sample  was  excited  with  an 
incident  power  of  125  W/cm2.  The  numbers  along  the  hori¬ 
zontal  axis  show  the  calculated  positions  of  An  •  0  confined 

particle  transitions  (nff-nHH  and  n'ff-a'LH)  in  the  well 
We  observed  that  the  emission  from  this  structure  •  two  to 
three  times  more  intense  than  the  emissioo  from  bulk  or  DH 
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FIO.  2.  PL  spectre  of  ■  SCH  structure  at  four  different  temperatures.  The 
numbers  to  all  four  spectra  indicate  the  enetpaa  of  transitions  between  con¬ 
duction  and  valence  subbuda.  The  ileehed  curve  ia  (c)  ia  the  tbeorettcal 
curve. 

layers  grown  by  MBE  under  identical  conditions  in  our  labo¬ 
ratory.  This  is  particularly  promising  for  the  observation  of 
the  lasing  action  from  this  structure. 

The  spectra  show  that  the  electrons  are  occupying  up  to 
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the  fourth  electron  subband  to  give  the  broad  luminescence. 
The  shift  to  higher  energy  of  the  spectra  with  temperature  is 
due  to  the  temperature  variation  of  the  band  gap  and  the 
effective  masses  of  electron  and  light  hole.  However,  there  is 
no  significant  change  in  the  width  of  the  luminescence  peak 
with  temperature.  This  could  very  well  be  explained  if  either 
the  well  layer  or  the  confinement  layers  are  n  type  with  a 
carrier  concentration  of  ~2x  10'Vcm3.  What  we  do  see  is 
the  band  filling  of  electrons  in  the  well  and  this  band  filling  in 
turn  imposes  the  linewidth.  The  MBE- grown  Hg,  _  ,Cd,Te 
layers  on  ( 100)  CdTe  are  typically  n  type  with  the  electron 
concentrations  in  the  range  of  (l-5)xl0'VcmJ.  Charge 
transfer  effects  from  the  confinement  layers  might  account 
for  the  high  electron  concentration  in  the  well  layer.  Such  a 
charge  transfer  has  already  been  observed  in  the 
CdTe/Hg,  _  x  CdxTe  heterostructures. 1 ' 

Another  interesting  feature  to  be  noted  is  that  the 
strength  of  the  3HH  transition  is  increasing  and  at  the  same 
time  the  strength  of  the  lower  subband  transitions  is  decreas¬ 
ing  when  the  temperature  of  the  measurement  is  increased. 
There  is  an  overall  trend  towards  higher  subband  transitions 
with  an  increase  in  measurement  temperature.  Simulations 
have  been  made  by  assuming  an  injection  of  1 X  10“ /cm2 
holes,  a  real  temperature  of  the  lattice  and  carriers  10  K 
above  the  nominal  temperature,  and  a  Lorentzian  broaden¬ 
ing  of  10  meV  to  analyze  the  experimental  data.  One  of  the 
simulated  spectra  is  shown  in  Fig.  2(c).  Comparison  of  the 
experimental  and  the  simulated  curves  in  Fig.  2(c)  shows 
that  the  spectral  width  can  very  well  be  explained  by  the 
band  filling  of  electrons  in  the  well.  Our  simulations  also 
reproduced  very  well  the  increase  with  temperature  in  lumi¬ 
nescence  due  to  higher  lying  subbands.  The  structure  around 
400  meV  is  probably  due  to  the  4£-4HH  transition  for  the 
following  reason:  The  quasi-Fermi  level  for  holes  bong  close 
to  the  “bottom”  of  the  valence  band,  the  occupation  proba¬ 
bility  of  the  4HH  band  (£«**  ~3  meV  with  respect  to  the 
quasi-Fermi  level)  is  higher  than  the  occupation  of  the  3LH 
band  (£jm  ~33  meV).  The  shape  of  the  spectra  varied  only  a 
little  with  the  level  of  minority-carrier  injection.  More  gener¬ 
ally,  we  found  that  the  ratio  of  the  intensity  between  different 
transitions  is  mainly  given  by  the  ratio  of  the  occupation 
factors  of  the  holes.  Finally,  the  dip  around  360  meV  m  all 
the  spectra  might  either  be  due  to  the  reabsorptioo  of  lumi¬ 
nescence  by  a  defect  in  the  upper  layers  or  due  to  some  ex¬ 
perimental  artifact 

In  summary,  we  have  performed  pbotolumincsccnce  ex¬ 
periments  on  the  first  CdTe-(HgCd)Te  separate  confine¬ 
ment  heterostructures  grown  by  molecular  beam  epitaxy. 
There  is  an  evidence  for  the  occupation  of  several  electronic 
levels  due  to  the  charge  transfer  and  this  band  filling  deter¬ 
mines  the  width  of  the  PL  peak.  There  is  an  appearance  of 
high-energy  transitions  at  high  temperatures.  The  strong  PL 
is  a  sign  of  the  high  quality  of  the  structure  and  gives  us  hope 
to  observe  the  lasing  action. 

The  authors  would  like  to  thank  Dr.  C.  Weabuch  for 
usefol  discussions.  Thanks  are  also  due  to  S.  Farook  and  Z. 
Ali  for  their  technical  assistance.  This  work  is  supported  by 
Strategic  Defense  Initiative  Organization/!  nnovaiive 
Science  and  Technology  Office,  monitored  by  the  Naval  Re- 

Mshavws  rest  ;mi 


search  Laboratory  under  contract  No.  N00014-87-C-2043 
and  by  the  Defense  Advanced  Research  Projects  Agency 
monitored  by  the  Air  Force  Scientific  Office  for  Research 
under  contract  No.  F48620-87-C-0021. 
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Stimulated  emission  from  a  Hg^Cd^Te  epilayer  grown  by  molecular  beam 
epitaxy 
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(Received  26  May  1989;  accepted  for  publication  18  July  1989) 

We  report  on  the  observation  of  stimulated  emission  from  a  ( 100)  oriented  Hg,  _  t  Cd,Te 
epilayer  grown  by  molecular  beam  epitaxy.  The  cleaved  epilayers  were  cooled  and  optically 
pumped  by  a  Nd: YAG  laser  and  were  found  to  lase  continuously  up  to  40  K. 


Mercury  cadmium  telluride  (HgCdTe)  has  been  a  very 
important  semiconducting  material  in  infrared  (IR)  detec¬ 
tor  technology.  However,  its  potential  for  the  development 
of  infrared  lasers  has  not  been  fully  explored.  Only  a  few 
isolated  reports  have  been  published  on  the  mercury  (Hg) 
based  II- VI  compound  lasers. 1-1  Prior  to  our  work,  all  pub¬ 
lished  studies  were  performed  on  the  liquid  phase  epitaxially 
grown  and  Bridgman-grown  Hg,  _  ,Cd„Te  crystals.  In  this 
letter,  we  report  the  observation  of  stimulated  emission  from 
a  Hg,  _  ,CdITe(  100)  epilayer  grown  by  molecular  beam 
epitaxy  (MBE). 

The  Hgo  ^Cdo^Tef  100)  layer  was  grown  in  a  Riber 
2300  MBE  machine.  The  substrate  was  a  semi-insulating 
(100)CdTe.  A  — 1000- A- thick  CdTe  buffer  layer  was 
grown  on  the  substrate  to  improve  the  surface  smoothness. 
The  0.6-pm-thick  Hg,  _  „Cd,Te  epilayer  was  grown  at  a 
substrate  temperature  of  183  *C.  The  growth  rate  was  1.74 
A/s.  Details  of  the  growth  of  Hg-based  alloys  have  been 
given  elsewhere.4 

The  initial  characterization  of  the  layer  showed  that  the 
layer  is  n  type  with  a  carrier  concentration  of2x  lO'Vcm3  at 
100  K.  The  carrier  concentration  was  constant  from  room 
temperature  down  to  100  K.  The  minority-carrier  lifetime 
was  determined  by  the  standard  photoconductive  technique 
and  was  found  to  be  2.4  ps  at  100  K.  We  also  observed  a 
strong  photoluminescence  from  this  layer  at  10  K. 

To  prepare  samples  for  the  frimnlated  emission  mea¬ 
surements,  the  CdTe  substrate  was  first  mechanically  etched 
to  a  thickness  of  80  p m.  Then  it  was  farther  thinwod  to  a 
thickness  of — 20  pm  by  chemical  etching  in  a  2%  by  volume 
solution  ofbrominemethanoL  Next,  the  Hfe^CdaMTe  lay¬ 
er  was  cleaved  into  small  rectangular  bars  of 200 X  300  pm- 
500 x  1300  pm  size  using  a  sharp  scalpeL  Several  of  these 
cleaved  samples  were  oovered  by  a  sapphire  window  and 
were  pressed  into  indium  mounted  on  a  copper  block  for 
efficient  heat  sinking.3  The  mounted  samples  were  cooled  to 
10  K  using  a  variable  temperature  closed  cycle  cryostat  Us¬ 
ing  a  cylindrical  lens,  the  cw  Nd:  YAG  laser  beam  was  fo¬ 
cused  to  a  strip  of  30  pm  width  and  300  pm  length  to  cover 
the  entire  width  of  a  selected  sample.  The  emission  was  col¬ 
lected  with  a  leas,  dispersed  by  a  0.75  m  monochromator, 
and  detected  by  a  cooled  InSb  detector.  Details  of  the  experi¬ 
mental  setup  are  given  elsewhere.* 

Figure  1  shows  the  typical  cw  emission  spectra  from  one 
of  the  samples.  These  spectra  are  taken  with  wide  slits  to 
facilitate  the  observation  of  spontaneous  emission  below  the 


threshold.  Curves  taken  at  an  input  optical  power  density 
( P )  of  less  than  2.8  kW/cm2  are  below  the  threshold  for  the 
laser  action  to  occur.  For  P  =  2.8  kW/cm2  a  slight  glitch  is 
emerging  at  a  wavelength  of  2.42  pm  from  the  broad  lumi¬ 
nescence  background.  This  signals  the  onset  of  stimulated 
emission  from  this  layer.  Increasing  the  input  power  density 
to  3.2  kW/cm2  has  clearly  increased  the  intensity  of  the  mul¬ 
timode  output  by  more  than  three  times  the  intensity  of  the 
background.  The  increase  in  the  output  laser  intensity  as  a 
function  of  incident  power  density  is  shown  in  Fig.  2.  The 
laser  action  was  observed  up  to  an  incident  power  density  of 
3.2  kW/cm2.  However,  the  output  intensity  started  to  de¬ 
crease  above  4.4  kW/cm2.  This  might  be  due  to  excessive 
heating  of  the  samples. 

Figure  3  shows  the  spectrum  taken  with  narrow  slits.  As 
can  be  seen  from  the  figure,  there  are  a  few  longitudinal 
modes  in  addition  to  the  fundamental  mode  in  the  spectrum. 
However,  we  have  not  tried  to  determine  the  refractive  index 
of  the  layer  from  the  mode  spacing  for  the  following  reason: 
The  substrate  was  not  rotated  during  the  growth  of  the  crys¬ 
tal  and  as  a  result  we  found  that  there  is  a  band-gap  variation 
of  25  meV/mm  along  the  length  of  the  crystal.  This  crystal 
inhomogeneity  might  lead  to  uneven  mode  spacing  due  to 
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FIO.  1.  cw  enueeaoo  spectra  from*  cleaved  JOOx  1300 pm  H|»MCdtMT« 
MBE  frown  epilayer  under  diUmnt  incident  powers. 
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FIG.  2.  Output  intensity  vs  incident  power  density. 


the  variation  of  the  refractive  index.  This  might  also  explain 
the  reason  for  observing  the  laser  action  on  the  higher  energy 
side  of  the  luminescence  spectrum. 

The  samples  were  found  to  lase  continuously  up  to  40  K. 


FIG.  3.  cw  laser  spectrum  taken  with  narrow  slits.  The  spectrum  shows  s 
few  longitudinal  modes  in  addition  to  the  fundamental  mode. 


Above  this  temperature  no  laser  action  was  obscr.  ed  from 
any  of  the  samples.  We  assume  that  above  40  K  the  stimulat¬ 
ed  emission  from  this  layer  can  only  be  obtained  under 
pulsed  excitation.  A  similar  observation  has  been  made  by 
Hannan  on  liquid  phase  epitaxially  grown  Hg,  _  xCd,Te 
epilayers.2  Our  work  shows  that  the  MBE-growr. 
Hgi  _  xCd'Te  layers  are  of  high  quality  and  have  a  high  po¬ 
tential  for  the  development  of  IR  laser  sources.  Since  MBE 
facilitates  the  growth  of  novel  artificially  layered  structures, 
the  laser  threshold  can  be  lowered  by  designing  suitable 
quantum  well  structures. 

In  conclusion,  we  have  performed  the  stimulated  emis¬ 
sion  experiments  on  Hgo^Cdo  ^Te  layer  grown  by  molecu¬ 
lar  beam  epitaxy.  The  optically  pumped  cleaved  samples 
were  found  to  lase  continuously  up  to  40  K. 

The  authors  would  like  to  thank  P.  S.  Wijewarnasuriya 
and  Mario  de  Souza  for  performing  the  Hail  and  lifetime 
measurements  on  the  layer.  Thanks  are  also  due  to  S.  Farook 
and  Z.  Ali  for  their  technical  assistance.  This  work  is  sup¬ 
ported  in  part  by  Strategic  Defense  Initiative  Organization/ 
Innovative  Science  and  Technology  Office,  monitored  by 
Naval  Research  Laboratory  under  contract  No.  N00014-87- 
C-2043  and  in  part  by  Defense  Advancement  Research  Pro¬ 
ject  Agency,  monitored  by  Air  Force  Scientific  Office  for 
Research  under  contract  No.  F48620-87-G0021. 
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Stimulated  emission  from  a  Hg1  _*  Cd,  Te  epilayer  and  CdT e/ Hg1  _ x  Cdx  Te 
heterostructures  grown  by  molecular  beam  epitaxy 
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We  present  the  results  of  stimulated  emission  experiments  performed  on  a  Hg^Cdo  ^Te 
epilayer,  a  CdTe/Hgo  4,Cdj2Te/CdTe  double  heterostructure,  and  a  CdTe/Hgo  ^Cd^Te/ 

Hgo67Cdo  j)Te  multiquantum  well  separate  confinement  heterostructure  grown  by  molecular 
beam  epitaxy.  The  epilayer  and  the  double  heterostructure  were  found  to  lase  continuously  up  to 
40  K.  Pulsed  stimulated  emission  was  observed  from  the  multiquantum  well  separate 
confinement  heterostructure  up  to  77  K. 


I.  INTRODUCTION 

There  is  a  considerable  technological  interest  in  the  develop¬ 
ment  of  laser  sources  in  the  mid  infrared  (IR)  range  (2-5 
fj, m)  for  long  distance  data  communications.  Mercury-based 
alloys  and  heterostructures  are  one  of  the  potential  laser 
sources  in  this  region.  Moreover  semiconductor  lasers  that 
operate  around  the  1 .6  /um  wavelength  region  are  limited  by 
the  dominant  Auger  recombination  in  the  III-V  semicon¬ 
ductor  material  systems  of  interest.  Mercury  based  II-V1 
compounds  are  less  affected  by  the  Auger  recombination  in 
this  wavelength  region  and  hence  should  be  able  to  compete 
favorably  with  the  current  III-V  semiconductor  lasers.1 
Though  mercury  cadmium  telluride  (HgCdTe)  has  been  a 
very  important  semiconducting  material  in  IR  detector  tech¬ 
nology,  its  potential  for  the  development  of  IR  lasers  has  not 
been  fully  explored.  Only  a  few  isolated  reports  have  been 
published  on  the  mercury  (Hg)-based  II-VI  compound  la¬ 
sers. 2_s  Recently,  photoluminescence  (PL)  has  been  ob¬ 
served  from  a  CdTe/Hg,  _  ,CdxTe  superlattice  placed  in  a 
double  heterostructure.6  Previously  we  too  have  reported 
photoluminescence  from  a  CdTe/Hg,  _,CdrTe/ 
Hg,_  xCdxTe  single  quantum  well  separate  confinement 
heterostructure7  and  stimulated  emission  from  a 
Hg,  _  .Cd.Te  epilayer.* 

We  present  in  this  talk  the  preliminary  results  of  stimulat¬ 
ed  emission  experiments  performed  on  a  Hgo^Cd^Te  epi¬ 
layer,  a  CdTe/Hgo  4«  Cd^j  Te/CdTe  double  heterostruc¬ 
ture  (DH)  and  a  CdTe/Hgo  43 Cd^jj Te/Hgo^ Cd^j, Te 
multiple  quantum  well  separate  confinement  heterostruc¬ 
ture  (MQWSCH)  grown  by  molecular  beam  epitaxy 
(MBE).  Section  II  outlines  the  experimental  details.  The 
results  and  conclusions  are  presented  in  Secs.  Ill  and  IV, 
respectively. 


II.  EXPERIMENTS 

The  epilayer,  the  DH  and  the  SCH  structures  were  all 
grown  in  a  RIBER  2300  MBE  machine.  The  substrates  were 
semiinsulating  CdTe  ( 100) .  The  growth  temperature  for  the 
buffer/bottom  CdTe  layer  in  both  structures  was  250  *C, 
and  18S*C  for  subsequent  HgCdTe  overlayers.  For  the 


MQWSCH  structure,  two  CdTe  effusion  cells  were  used  to 
grow  the  mercury  cadmium  telluride  layers  with  different 
cadmium  compositions.  For  both  DH  and  MQWSCH,  the 
CdTe  cap  layer  was  grown  at  a  substrate  temperature  of 
250  *C,  which  was  found  suitable  to  grow  high  quality  CdTe 
(100).  The  individual  layer  thicknesses  were  determined 
from  the  growth  rates  of  thick  calibration  layers  grown  un¬ 
der  identical  conditions.  Details  of  the  growth  of  Hg-based 
alloys  are  given  elsewhere.9 

Low-temperature  PL  experiments  were  performed  on 
these  structures.  A  continuous  wave  (cw)  Nd:YAG  laser 
(A  **  1.06  ftm)  was  used  for  photoexcitation.  Samples  were 
cooled  in  a  Janis  variable  temperature  closed-cycle  helium 
cryostat  and  were  photoexcited  from  the  front  surface 
through  the  CdTe  cap  layer.  The  luminescence  was  analyzed 
using  a  0.75  m  grating  monochromator  and  lock-in  detec¬ 
tion  technique.  A  liquid  nitrogen  cooled  InSb  detector  was 
used  to  detect  the  luminescence. 

To  prepare  samples  for  the  stimulated  emission  experi¬ 
ments,  the  CdTe  substrates  were  first  mechanically  etched  to 
a  thickness  of  80^m.  Then  the  films  were  thinned  to  a  thick¬ 
ness  of  5  to  10  microns,  by  a  fast  chemical  etching  in  a  2%  by 
volume  solution  of  bromine  in  methanol  followed  by  a  slow 
etching  in  a  0.04%  by  volume  solution.  Next,  the  samples 
were  cleaved  into  small  rectangular  bars  of  100  x  500  pm  to 
1000X 1500  fim  size  using  a  sharp  scalpel.  Several  of  these 
cleaved  samples  were  pressed  into  indium  put  on  top  of  a 
copper  block,  and  covered  with  a  sapphire  window  for  cM- 
dent  heat  sinking.10  Using  a  cylindrical  lens,  the  Nd:Y  AG 
laser  beam  was  focused  to  a  strip  50  fim  wide  and  of  appro¬ 
priate  length  to  cover  the  entire  width  of  a  selected  sample. 

III.  RESULTS  AND  DISCUSSION 
A-  Hgai4Cd0.40Taapllayor 

The  thickness  of  the  epilayer  is  0.6/jm.  The  initial  charac¬ 
terization  of  this  layer  showed  that  the  layer  is  n-type  with  a 
carrier  concentration  of  2x  10l6/cm3  down  to  100  K.  The 
minority  carrier  lifetime  was  determined  by  the  standard 
photoconductive  decay  technique  and  was  found  to  be  2  4  as 
at  tOO  K.  Figure  1  shows  the  low-temperature  photolumi- 
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GNERCY  («V) 


Fig.  I.  Low-temperature  PL  spectrum  from  a  HgoMC4,MTe  epilayer. 


nescence  spectrum  From  the  epilayer.  The  full  width  at  half- 
maximum  of  the  PL  peak  is  30  meV.  The  strong  PL  also 
indicates  the  high  quality  of  this  layer. 

Figure  2  shows  the  typical  CW  stimulated  emission  spec¬ 
tra  from  one  of  the  cleaved  samples.  The  spectra  were  taken 
with  wide  slits  to  facilitate  the  observation  of  spontaneous 
emission  below  the  threshold.  At  an  input  optical  power  den¬ 
sity  (P)  of  2.8  kW/cm2  a  slight  glitch  is  emerging  at  a  wave¬ 
length  of  2.42  n m  from  the  broad  luminescence  background 
signaling  the  onset  of  stimulated  emission  from  this  sample. 
Increasing  the  input  power  density  clearly  increased  the  in¬ 
tensity  of  the  multimode  output  at  this  wavelength.  The  inte¬ 
grated  output  intensity  from  this  sample  is  plotted  as  a  func¬ 
tion  of  input  optical  power  density  in  Fig.  3.  The  laser  action 


WAVELENGTH  (pm) 


Fto.  2.  Continuous  wavs  stimulatsd  emission  spsctra  horn  s  cleaved 
500 x  1300 iim1  H|oMCdo4,Te  epilayer  under  different  incident  powers. 
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Fig.  3.  Integrated  output  intensity  vs  incident  power  density  from  the  same 
sample. 


was  observed  up  to  an  incident  power  density  of  S.2  kW/ 
cm2.  However,  as  shown  in  Fig.  3,  the  output  intensity  start¬ 
ed  to  decrease  above  4.4  kW/cm2.  This  obviously  is  due  to 
the  heating  of  the  samples.  Though  we  have  observed  a  few 
modes  in  addition  to  the  fundamental  mode,  we  have  not 
tried  to  extract  the  refractive  index  of  the  layer  from  the 
mode  spacing  for  the  following  reason:  The  substrate  was 
not  rotated  during  the  growth  of  this  layer  and  as  a  result  we 
found  that  there  is  a  bandgap  variation  of  23  me  V/mm  along 
the  length  of  the  crystal.  This  crystal  inhomogeneity  might 
have  lead  to  the  uneven  mode  spacing  due  to  the  variation  of 
refractive  index.  The  sample  was  found  to  lase  continuously 
up  to  40  K. 


B.  Doubt*  h*t*rostructur* 

A  schematic  of  the  double  heterostructure  is  shown  m  Fig. 
4  The  bandgap  of  the  Hg^Cdo  jjTe  corresponds  to  -  383 
me  V.  Figure  3  shows  the  low  temperature  PL  spectrum  from 
one  of  the  cleaved  DH  samples  at  13  K.  Under  low  excita¬ 
tion,  the  PL  spectrum  from  the  DH  is  very  broad.  Thu  could 
be  due  to  one  or  all  of  the  following  reasons.  The  increase  in 
substrate  temperature  during  the  growth  of  the  top  cad¬ 
mium  telluride  layer  must  have  out-diffused1 1  mercury  from 
the  active  layer  into  this  layer  creating  a  graded  x- value  layer 
at  this  interface.  Such  a  graded  layer  can  give  a  broad  lumi¬ 
nescence  spectrum.  Second,  the  triangular  well  due  to  band 
bending  at  the  CdTe/Hg0.44Cd0.siTe  interface  can  also  con¬ 
tribute  to  the  width  of  the  luminescence  spectrum.  Presently 


CdT* 
(0.3  fim) 


c«rr* 

(0.3  pm) 


Fig,  4.  A  kIwmiic  of  CdTe/ 
Hfa«,Cd,,HTe  double  het- 
erottructure. 


H*e.«ec4«j»T* 
(0.44  Mm) 
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Fig.  5-  Low-temperature  PL  spectra  from  a  cleaved  DH  under  different 
incident  powers. 


we  are  investigating  these  possibilities  to  understand  the  lu¬ 
minescence  from  this  structure. 

Above  the  pump  intensity  threshold  /lh  =  6.4  k  W/cm2,  a 
peak  develops  at  A  =  2.2  /tm,  and  narrows  as  the  excitation 
power  is  increased.  We  were  not  able  to  go  higher  than  12 
kW/cm2  because  of  our  Nd:YAG  laser  power  limit.  Never¬ 
theless,  one  can  clearly  see  the  building  up  of  stimulated 
emission.  The  wide  bump  around  A  —  2.05  fim  which  ap¬ 
pears  on  the  upper  spectrum  under  high  pump  power  is  not 
yet  fully  understood. 

Figure  6  shows  the  variation  of  the  integrated  output  in¬ 
tensity  with  the  input  power  density.  Though  there  is  some 
scatter,  the  output  is  a  nonlinear  function  of  input  power. 
Figure  7  shows  the  spectrum  taken  with  narrow  slits.  Once 
again,  a  few  additional  modes  can  be  seen  along  with  the 
fundamental  mode.  The  mode  spacing  is  calculated  to  be 
12.6  A  from  the  known  values  of  cavity  length  (S00/im), 
lasing  wavelength  (2.2  fim)  and  refractive  index  (3.8). 


Fig.  7.  Stimulated  emission  spectrum  from  the  same  DH  taken  with  nar¬ 
rower  slits. 


However,  these  modes  are  not  well  resolved  due  to  the  rela¬ 
tively  wide  slit  widths  used.  There  are  a  couple  of  interesting 
observations  to  be  made  on  this  structure  as  compared  to  the 
epilayer  results,  (i)  The  threshold  for  the  lasing  for  the  DH 
is  about  2.5  times  that  for  the  epilayer  for  the  same  cavity 
length.  The  reason  for  this  might  be  the  presence  of  a  3000  A 
CdTe  cap  layer,  (ii)  The  DH  seems  to  suffer  less  from  the 
heating  effects  as  lasing  could  be  observed  up  to  12  kW/cm:. 
This  might  in  part  be  due  to  the  difference  in  the  sample 
thickness.  The  DH  is  found  to  lase  continuously  up  to  40  K. 
We  have  tried  pulsed  excitation  neither  on  the  epilayer  nor 
on  the  DH. 

C.  MQWSCH  Ismt 

A  schematic  of  the  MQWSCH  is  shown  in  Fig.  8.  The 
active  layer  is  made  of  six  100  A  quantum  wells  of 
Hgo67  CdgjjTe  separated  by  70  A  barriers  of 
HgtMjCdo  jjTe.  The  composition  of  the  light  confinement 
layer  is  the  same  as  the  barrier  layers  in  the  active  layer. 
Details  of  the  structure  calculations  are  given  elsewhere. ' 2 


Fig.  8.  A  schematic  of  multiquantum  well  separate  confinement  hetero- 
Fkj.  6.  Integrated  output  intensity  vs  incident  power  from  the  same  DH.  structure. 
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Fig.  9.  Pulsed  stimulated  emission  spectre  from  a  cleaved  tOOOx  1500/im! 
MQWSCH. 


We  used  a  Q-switched  Nd:YAG  laser  for  the  stimulated 
emission  experiments  on  this  structure.  One  of  the  reasons 
for  this  is  that  this  structure  was  only  thinned  down  to  20  ft 
before  cleavage,  and  as  a  result  the  heating  by  cw  Nd:  YAG 
laser  should  play  a  dominant  role.  The  frequency  of  the  laser 
was  30  kHz  and  the  pulse  width  was  10 /as.  Figure  9  shows 
the  stimulated  emission  spectra  from  a  1000  x  1500  jxra2 
cleaved  sample.  For  an  input  peak  power  density  of  2.2  kW/ 
cm2,  a  spike  is  emerging  at  a  wavelength  of  2.36  fim  from  the 
broad  spectrum.  This  signals  the  onset  of  stimulated  emis¬ 
sion  from  this  structure.  Further  increase  in  the  input  power 
preferentially  increased  the  intensity  at  this  wavelength.  Fig¬ 
ure  10  shows  the  integrated  output  intensity  as  a  function  of 
input  peak  power.  Above  4.6  kW/cm2  of  incident  peak  pow¬ 
er,  the  stimulated  emission  intensity  started  to  decrease  and 
finally  no  stimulated  emission  was  observed  above  5.5  kW/ 
cm2.  This  once  again  is  due  to  the  heating  of  the  sample. 
Finally,  Fig.  1 1  shows  the  stimulated  emission  spectrum  tak¬ 
en  at  77  K  from  this  sample.  The  range  of  incident  powers  for 
which  stimulated  emission  could  be  observed  was  even  more 


Q  Switched  Nd:YAC  POWER  (kW/cm*) 


Fig.  10  Imcsrated  output  intensity  vs  input  peak  power  from  the  same 
MQWSCH. 


Fig.  11.  Pulsed  stimulated  emission  spectrum  from  the  same  MQWSCH  at 

77  K. 


limited  at  77  K.  However,  the  observation  of  lasing  action  at 
77  K  itself  is  an  important  achievement  in  these  mercury 
based  II-VI  compound  microstructures. 

IV.  CONCLUSIONS 

We  performed  stimulated  emission  experiments  on  a 
Hgo  j«Cdo«*Te  epilayer,  a  CdTe/Hgo^Cd^Te/CdTe 
double  heterostructure,  and  a  CdTe/Hg045C<l1 ,5  Te/ 
HgoijCdojjTe  multiquantum  well  separate  confinement 
heterostructure  grown  by  molecular  beam  epitaxy.  The  epi¬ 
layer  and  the  DH  were  found  to  lase  continuously  up  to  40 
K.  Stimulated  emission  was  observed  from  the  MQWSCH 
under  pulsed  optical  excitation  up  to  77  K.  These  prelimi¬ 
nary  results  are  highly  promising  for  the  development  of 
injection  lasers  made  of  Hg-based  microstructures.  Finally, 
the  threshold  for  the  lasing  action  in  the  MQWSCH1  v'1’  is 
more  than  one  order  of  magnitude  lower  than  in  optically 
pumped  III-V  semiconductor  lasers. 
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Stimulated  emission  from  a  CdTe/HgCdTe  separate  confinement 
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We  present  the  results  of  low-temperature  photoluminescence  and  stimulated  emission 
experiments  performed  on  a  CdTe/Hg045Cd0  35Te/Hg0,6TCdo  3JTe  multiquantum  well  separate 
confinement  heterostructure  grown  by  molecular  beam  epitaxy.  The  photolumineaceoce 
results  suggest  that  because  of  the  growth  conditions,  there  is  a  strong  interdiffusion  in  the 
multiquantum  well  region.  Pulsed  stimulated  emission  was  observed  from  this  structure 
up  to  77  K. 


Mercury  based  II- VI  semiconductor  heterostructures 
are  one  of  the  potential  laser  sources  in  the  near-  and  mid- 
infrared  (IR)  regions  ( 1—5  ftm)  for  long  distance  data 
communications.  Moreover,  these  compounds  are  less  af¬ 
fected  by  the  limiting  Auger  recombination  process  in  the 
l.S  jim  wavelength  region  and  hence  should  be  able  to 
compete  favorably  with  the  current  III-V  semiconductor 
lasers.1  Although  mercury  cadmium  telluride  has  been  a 
very  important  semiconducting  material  in  the  IR  detector 
technology,  its  potential  as  a  material  for  the  development 
of  IR  lasers  has  not  been  fully  explored.  Only  a  few  reports 
have  been  published  on  mercury  (Hg)  based  II-VI 
lasers. 1-5  Photoluminescence6  (PL)  and  supemdiance7 
have  been  reported  from  CdTe/Hgi  _  xCdxTe  superlattices 
placed  in  a  double  heterostructure.  We  have  previously 
reported  PL  from  a  CdTe/Hg,  _  ,Cd,Te/Hg,  _  xCd,Te  sin¬ 
gle  quantum  well  separate  confinement  heterostructure1 
and  stimulated  emission  (SE)  both  from  a  Hg,  _xCdxTe 
epilayer  and  from  a  CdTe/HgCdTe/CdTe  double 
heterostructure.’  In  this  letter,  we  present  the  preliminary 
results  of  low-temperature  PL  and  SE  experiments  per¬ 
formed  on  a  CdTe/Hga4sCda3)Te/Hga«7Cda3)Te  multi¬ 
quantum  well  separate  confinement  heterostructure 
(MQWSCH)  grown  by  molecular  beam  epitaxy  (MBE). 

The  MQWSCH  was  grown  in  a  RIBER  2300  MBE 
machine.  Details  of  the  growth  of  Hg-based  alloys  are 
given  elsewhere.10  Briefly,  the  laser  structure  was  deposited 
on  a  semi-insulating  CdTe  ( 100)  substrate:  The  growth 
temperature  for  the  buffer/bottom  CdTe  layer  was  230  *C, 
and  183  *C  for  subsequent  HgCdTe  overtayen.  The  CdTe 
cap  layer  was  grown  for  20  min  at  a  substrate  temperature 
of  250 ’C,  which  was  found  suitable  to  grow  high  quality 
CdTe  ( 100).  The  individual  layer  thicknesses  were  deter¬ 
mined  from  the  growth  rates  of  thick  calibration  layers 
grown  under  identical  conditions. 

The  active  layer  was  designed  ss  six  100  A  quantum 
wells  made  of  Hgo.47Cdo.j3Te  separated  by  70  A  barriers 
made  of  Hgo.4jCdo.3jTe.  The  carriers  are  confined  in  quan¬ 
tum  write  formed  by  the  Hgo^jCdojjTe  layers.  The  thick¬ 
ness  of  the  light  confinement  layer,  made  of  HguajCdanTe, 
was  chosen  to  be  7300  A,  in  order  to  optimize  the  optical 
confinement  factor  for  our  design. 

The  quantum  well  energy  levels  were  calculated  in  the 
envelope  fraction  approximation"  using  a  transfer  matrix 


approach,  with  bulk  electron  and  light  hole  dispersion  re¬ 
lationships  given  by  Kane’s  three-band  model.11  Bulk 
heavy  hole  dispersion  relationships  were  assumed  to  be 
parabolic  with  a  0.3m*,  effective  mass  for  all  x  values.  Pa¬ 
rameters  were  the  band  gaps  of  the  layers,  determined  us¬ 
ing  the  expression  given  by  Hansen  et  aL 13  and  the  Kane 
energies.14  We  used  330  meV  for  the  valence-band  offset 
between  HgTe  and  CdTe,13  and  a  linear  interpolation  for 
the  valence-band  ofiet  between  layers  of  different  compo¬ 
sitions. 

The  optical  properties  of  this  structure  were  initially 
investigated  using  low-temperature  PL  experiments.  The 
experimental  setup  employed  in  these  experiments  is  de¬ 
scribed  elsewhere.1  As  seen  in  Fig.  1,  the  PL  spectrum 
presents  a  main  peak  whose  edge  is  at  440  meV  and  max¬ 
imum  at  478  meV,  and  a  shoulder  whose  onset  is  at  500 
meV.  These  features  cannot  be  explained  if  the  structure  is 
exactly  aa  designed  (see  above)  because  calculations  give 
333  meV  for  the  energy  of  the  ftmdamental  interband  tran¬ 
sition  between  the  first  electron  (£1)  and  heavy  hole 
(HH1)  mhrihands,  sad  381  meV  for  a  similar  transition 
involving  the  light  holes  (LH1).  Our  calculations  show 
that  the  energies  of  the  transitions  between  the  second 
minibands  (£2-HH2)  should  be  around  319  meV.  The 
discrepancy  between  the  experimental  spectrum  and  our 
calculations  oould  be  explained  either  by  well  width  inac¬ 
curacies  or  by  interdiflbaion  of  mercury  in  the  muttiquan- 
tum  well  region.  The  former  possibility  is  unlikely,  since  a 
well  width  of 200  A  would  be  required,  and  the  growth  rate 
control  does  not  permit  such  a  large  error.  Moreover,  once 
the  growth  temperature  was  increased  from  183  to  230  *C 
phot  to  deposition  of  the  CdTe  cap  layer,  interdiflbaion  is 
likely  to  have  occurred  in  the  multiquantum  wcO  region. 
We  thus  simulated  interdiffhsion  in  the  active  layer  and 
made  a  rough  estimate  of  energy  levels  of  the  resulting 
potential  profile.  For  a  diffbsioo  length  of  43  A  the  active 
layer  is  no  longer  a  multiquantum  well,  but  rather  a  1000- 
A-wide  weO  whose  x  value  is  around  42%.  However,  we 
cannot  be  certain  of  either  the  x  value  or  the  potential 
profile  of  the  resulting  structure  dua  to  the  uncertainties  in 
the  thicknesses  and  the  compositions  of  the  original  struc¬ 
ture.  According  to  these  estimates,  the  main  peak  of  the  PL 
spectrum  corresponds  to  transitions  from  the  £1  miniband 
and  the  high-energy  shoulder  corresponds  to  transitions 
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FIG.  I.  Low- temperature  pfaotoiumuietceace  spectrum  from  the 
MQWSCH  taka  at  10  K  u*m*  a  cw  Nd.  YAG  laaer. 

from  the  bottom  of  the  partially  filled  El  miniband.  How¬ 
ever,  the  Hall  measurements  give  an  electron  concentration 
of  only  around  lO'Vcm1,  which  is  less  than  that  required 
to  fill  the  lowest  conduction  subband  (8X  10'Vcm3). 
However,  the  inhomogeneous  broadening  due  to  the  com¬ 
position  fluctuations  in  the  wells  can  broaden  the  spectrum 
giving  rise  to  the  high-energy  shoulder  of  the  spectrum. 
Therefore,  the  high-energy  shoulder  might  just  be  due  to 
the  £1-LH1  transition. 

Sample  preparation  for  the  SE  experiments  is  given 
elsewhere.9  We  used  a  ^switched  Nd:YAG  laser  as  the 
excitation  source.  The  frequency  of  the  laser  and  the  pulse 
width  were  30  kHz  and  10  /u,  respectively.  Using  a  cylin¬ 
drical  lens,  the  Nd:YAG  laser  beam  was  focused  to  a  stripe 
30  pm  wide  and  long  enough  to  cover  the  entire  width  of  a 
selected  sample. 

Figure  2  shows  the  SE  spectrum  from  a  lOOOx  1900 
ftt m2  cleaved  sample.  These  spectra  were  taken  with  wide 
slits  to  facilitate  the  detection  of  the  spontaneous  emission 
below  threshold.  For  an  input  peak  power  density  of  2.2 
kW/  cm2,  a  spike  is  emerging  from  the  brood  spectrum  at 
a  wavelength  of  2.36  pm.  This  signals  the  onset  of  SE  from 
this  structure.  Further  increase  in  the  input  power  prefer¬ 
entially  increased  the  intensity  at  this  wavelength.  The  in¬ 
tegrated  output  intensity  as  a  (traction  of  input  peak  power 
is  shown  in  Fig.  3.  Above  4.6  kW/cm2  of  incident  peak 
power,  the  SE  intensity  started  to  decrease  and  finally  no 
SE  was  observed  above  5.5  kW/cm2.  In  our  geometry,  the 
SE  was  occurring  from  filaments  —50  pm  wide  and  1000 
ftm  long.  The  lasing  threshold  vsried  between  1.5  and  3 
kW/cm1  from  sample  to  sample.  This  variation  in  the 
threshold  could  be  due  to  uncertainties  in  the  incident  laser 
beam  profile,  the  irradiated  area,  and  the  detection  effi¬ 
ciency.  A  similar  variation  of  the  input  power  at  which  the 
lasing  action  cessed  was  also  noted  among  different  sam- 


W AVELENGTH  Ora) 


HO.  2.  Pubed  stimulated  mm  spectra  from  a  cleaved  lOOOx  1300 
/rat1  MQWSCH  at  12  K  uatg  a  Qswnched  Nd:YAG  laser.  The  thresh¬ 
old  input  power  is  2.2  kW/ca*. 

pies.  We  made  no  attempt  to  separate  the  various  modes  in 
the  spectrum  by  reducing  the  slit  widths. 

A  point  to  be  noted  from  Figs.  1  and  2  is  that  the  lasing 
wavelength  is  2.36  pm  (525  meV),  whereas  the  peak  of  the 
low-temperature  PL  is  at  2.6  pm  (478  meV).  This  differ¬ 
ence  in  peak  position  suggests  either  that  the  actual  tem¬ 
perature  of  the  structure  is  higher  than  the  cryostat  tem¬ 
perature  or  that  the  lasing  is  occurring  on  the  high-energy 
shoulder  of  the  PL  spectrum.  We  believe  that  the  former 
possibility  is  unlikely  because  sample  heating  should  shift 
the  luminescence  spectrum  to  higher  energies  since  the 
band  gap  of  the  Hg,  _,Cd,Te  (x  <0.5)  increases  with  in¬ 
creasing  temperature;  and  we  have  not  noticed  any  such 
change  in  either  the  linewidth  or  the  spectral  poamon  up  to 
the  highest  incident  NdtYAG  powers  used  in  the  experi¬ 
ments.  However,  we  did  observe  a  faster  growth  of  the 
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FIG.  3.  Integrated  output  pamm  v»  input  pak  pow«r  from  'he 
MQWSCH  of  Fig.  1 
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FIG.  4.  Puked  wmuletcd  emiaaioa  tpectrum  from  the  MQWSCH  of  Pig. 
2  at  77  E  -0 

high-energy  structure  with  increasing  incident  power.  This 
suggests  that  the  laser  action  is  occurring  on  the  high- 
energy  transition. 

Finally,  Fig.  4  shows  the  SE  spectrum  taken  at  77  K. 
The  range  of  incident  powers  for  which  SE  could  be  ob¬ 
served  was  even  more  limited.  However,  the  observation  of 
SE  at  77  K  itself  is  an  important  achievement  in  these 
mercury-based  II- VI  compound  microstructures.  The  las¬ 
ing  wavelength  shifted  to  a  shorter  wavelength  of  2.32  pm 
at  77  K.  This  shift  with  temperature  increase  is  in  agree¬ 
ment  with  the  expected  shift  of  energy  levels  in  the  difftmwd 
multiquantum  well  structure.  Further  work  is  under  way 
to  improve  the  efficiency  and  the  threshold  of  these  opti¬ 
cally  pumped  laser  structures  and  to  design  suitable  diode 
lasers. 

In  conclusion,  we  have  performed  low-temperature 
photoluminescence  and  stimulated  emission  experiments 
on  a  CdTe/Hgo.*5CdoL5sTe/Hfai7Cda3jTe  multiquantum 
well  separate  confinement  heterostructure  grown  by  molec¬ 
ular  beam  epitaxy.  The  actual  active  layer  is  likely  to  be  a 
1000-A-wide  quantum  well  because  of  intcrdifftisiou  in  the 
multiquantum  well  region.  As  a  consequence,  any  anneal¬ 


ing  at  temperatures  higher  than  200  *C  is  forbidden  on 
such  structures.  This  stresses  the  need  for  good  in  situ 
doping  of  HgCdTe  compounds.  Stimulated  emission  was 
observed  from  the  MQWSCH  under  pulsed  optical  excita¬ 
tion  up  to  77  K.  Finally,  the  threshold  for  the  lasing  action 
in  the  MQWSCH  is  one  order  of  magnitude  lower  than 
optically  pumped  GaAlAs  semiconductor  lasers'*  operat¬ 
ing  at  -0.9  pm  and  about  a  factor  of  3  lower  than  the 
AlGaSb/InAsSb  lasers  operating  at  3.9  pm.17  Although  we 
cannot  make  a  direct  comparison  of  threshold  powers  due 
to  the  different  wavelengths  of  operation  of  these  laser,  this 
difference  is  an  indication  of  the  expected  trend  in  Hg- 
based  II-VI  compound  lasers.' 

This  work  is  supported  in  part  by  the  Strategic  Defense 
Initiative  Organizatioo/Innovative  Science  and  Technol¬ 
ogy  Office,  monitored  by  the  Naval  Research  Laboratory 
under  contract  No.  N00014-87-C-2043,  and  in  part  by  the 
Defence  Advancement  Rematch  Project  Agency,  moni¬ 
tored  by  the  Air  Force  Scientific  Office  for  Research  under 
contract  No.  F48620-87-C4Q21. 
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VIII  ADVANCE  MOLECULAR  BEAM  EPITAXY  (MBE)  PROTOTYPE  FOR  Hg  BASED 
ll-VI  SEMICONDUCTING  ALLOYS  AND  HETEROSTRUCTURES 

In  July  1989  a  new  MBE  machine  called  OPUS  45  was  installed  in  the  Micro¬ 
physics  Laboratory.  This  machine  was  designed  by  the  P.l.  (Dr.  J.P.  Faurie)  to  be 
a  prototype  for  an  advanced  production  MBE  system  dedicated  to  the  growth  of 

mercury  based  ll-VI  compounds  and  has  been  built  by  ISA-RIBER. 

OPUS  45  is  a  three  ultra  high  vacuum  chamber  machine  namely  with  a  growth 
chamber,  a  preparation  chamber,  and  a  loading/unloading  chamber.  Up  to  three 
2-inch  or  up  to  one  5-inch  silicon  wafer  (platen-free)  can  be  transferred  and 
processed  in  a  horizontal  face-down  position  during  all  steps  .  This  mode  of 

transfer  offers  the  opportunity  to  avoid  particulate  contamination  as  much  as 
possible.  It  is  achieved  by  a  full  motorized  system  that  can  move  horizontally 

and  vertically.  The  combination  of  these  two  motions  allows  to  pick  up  a  platen 

in  the  loading  chamber  and  to  bring  it  underneath  the  degassing  station  in  the 
preparation  chamber.  Another  identical  system  transports  the  platen  from  this 
position  to  the  growth  manipulator.  Stepper  motors  have  been  chosen  to  operate 
the  displacements  and  several  optical  fibers  are  used  as  interlocks  to  insure  a 
precise  control  of  the  platen  and  cassette  positions  as  well  as  manipulator  position. 
Accuracy  of  ±  0.5mm  is  currently  obtained  on  each  displacement.  Gate  valve  and 
pressure  sensors  are  also  used  for  safety  reasons. 

Ten  5”  molybdenum  platens  can  be  loaded  at  once  In  the  introduction  chamber 
and  then  transferred  separately  into  the  preparation  chamber.  This  chamber  is 
equipped  with  a  cryopanel  and  a  large  oven  Identical  to  the  growth  manipulator 
oven  heating  samples  up  to  800°C. 

The  choice  of  a  vertical  configuration  has  been  made  for  the  growth  chamber 
with  great  care  addressed  to  the  problem  of  contamination  like  cross-talking  and 
flakes  falling  down  Into  these  cells  and  more  specifically  to  the  problem  of  mercury 
recuperation  which  has  been  one  of  the  main  concerns  during  the  design  of  this 
machine. 

Two  cryopumps  (CT8)  with  their  own  mercury  recuperation  system  are  connected 
together  to  the  main  growth  chamber  and  are  separated  by  their  own  gate  valve 
(VTA  200).  This  configuration  allows  to  outgass  one  cryopump  while  the  other. 
In  the  growth  chamber  itself  cryopanels  (main  and  bottom)  are  designed  to  allow 
mercury  to  run  down  directly  to  the  extreme  bottom  of  the  chamber  where  a 
mercury  recuperation  system  has  been  also  provided.  In  order  to  maintain  an 


ultrahigh  vacuum  environment  and  to  keep  the  residual  contaminants  at  a  very 
low  level,  a  permanent  baking  system  has  been  designed  for  all  the  chambers. 
The  pressure  limit  obtained  in  the  system  is  5.10-11  Torr  with  liquid  nitrogen  in 
the  cryopanels.  Int  he  same  condition,  the  pressure  limit  is  5.10”10  Torr  when 
seven  cells  are  heated  at  temperatures  ranging  from  150°  to  800°C  and  the  manipulator 
oven  is  at  600°C. 

In  the  growth  chamber,  the  cell  implantation  is  defined  as  the  following:  the 
mercury  ceil  occupies  a  central  position  and  it  is  kept  as  close  as  possible  to  the 
wafers  in  order  to  lower  the  materials  consumption.  It  is  surrounded  by  its  own 
conic  cryopanel.  All  the  8  other  cell  ports  face  the  wafers  at  the  same  angle  and 
are  regularly  distributed  around  the  vessel.  The  cell  ports  are  wide  enough  to 
accomodate  large  a  capacity  cell  (100CC)  and  its  individual  cryopanels. 

These  cells  have  a  specific  design  with  a  two  heating  filament  stage  which  is 
very  useful  for  tellurium  compounds  such  as  CdTe  and  ZnTe.  In  this  case,  the 
upper  filament  is  only  heated  and  regulated.  For  the  other  materials,  both  filaments 
are  used  and  the  current  regulation  is  made  on  the  bottom  one.  Temperature 
stabilities  of  the  order  of  ±  0.5°C  have  been  obtained  respectively  at  360°C  (Te 
cell)  and  550°C  (CdTe  cell)  for  more  than  three  hours.  The  mercury  cell  has  been 
designed  to  provide  a  constant  Hg  level  and  a  small  thermal  time  constant  allowing 
rapid  flux  change.  The  cell  is  connected  to  a  large  reservoir.  A  sensor  located  in 
the  effusion  cell  allows  to  adjust  the  level  of  mercury  by  means  of  the  reservoir 
motion.  Excellent  flux  stability  has  been  obtained  with  this  cell  during  a  ten 
hour  growth.  Temperature  stability  is  ±  0.2*  at  150°C. 

Great  effort  has  been  made  on  the  design  of  the  heating  stage  In  order  to 
achieve  high  temperature  stability  and  uniformity.  This  parameter  is  one  of  the 
most  important  requirements  for  the  growth  of  mercury  based  II— VI  compounds. 
Recorded  data  on  the  temperature  stability  show  ±  0.5°C  at  300°C  and  700°C. 
Temperature  stability  recorded  at  600*C  over  a  two-inch  centered  wafer  is  ±  2.5°C 
and  ±  4.0"C  over  a  three-inch  wafer. 

Finally,  based  on  the  latest  computers  and  a  digital  PID  controller  designed 
for  production,  a  process  control  uses  a  sophisticated  software  to  simplify  the 
operator  work  and  imporve  the  control  accuracy.  This  machine  therefore  particularly 
adapted  for  the  growth  of  HgCdTe  on  alternate  substrates  such  as  GaAs  and  Si 
for  which  the  sue  of  gallium  is  not  suitable  because  of  high  temperature  requirement 
for  cleaning. 


IX  RESEARCH  EFFORT  ON  A  HIGH  YIELD  MULTIWAFER  MBE  PROTOTYPE  OF 
Hg  BASED  It-VI  SEMICONDUCTING  ALLOYS  AND  HETEROSTRUCTURES 


This  second  add-on  on  the  current  contract  which  has  been  accepted  by 

DARPA  has  never  been  awarded  to  the  Microphysics  Laboratory.  Nevertheless, 
preliminary  experiments  have  been  carried  out  on  OPUS  45.  First  of  all,  this 
machine  has  been  installed  and  the  acceptance  tests  performed  in  August  1989. 
From  September  1,  1989  through  November  13,  1989  the  first  CdTe  layers  were 
grown  on  2-inch  GaAs  and  Si  substrates. 

CdTe/GaAs(iOO) 

Compared  to  what  is  obtained  in  the  conventional  MBE  machine  CdTe  layers 
grown  on  GaAs  appear  to  be  more  uniform  and  of  much  better  quality.  On  a 
O°off  GaAs(lOO)  substrate  a  6pm  thick  CdTe  film  exhibiting  a  FWHM  of  130  arc 

second  has  been  grown  compared  to  an  average  FWHM  value  of  220  arc  second 
for  CdTe  films  grown  on  GaAs(lOO)  substrates  in  the  conventional  MBE  machine. 

Twin-free  layers  have  been  obtained  on  a  slightly  misoriented  GaAs(lOO) 
substrates  with  an  excellent  surface  morphology  over  the  whole  area  as  illustrated 
in  Fig.  1.  These  layers  yield  strong  PL  spectra  (Fig.  2)  with  a  FWHM  of  the 

acceptor  bound  exciton  peak  at  1.59eV  of  only  0.7meV  at  10K  which  confirms  the 
high  structural  quality  of  these  layers. 

CdTe/SI(100) 

A  FWHM  of  800  arc  sec  has  been  obtained  for  a  6pm  thick  CdTe  layer  grown 
on  Si(lOO).  This  compares  very  favorably  to  the  typical  results  of  about  1200  arc 
sec  which  were  obtained  in  the  RIBER  2300  machine  several  months  ago.  In 

addition  the  layers  are  very  shiny  and  mirror-like  over  the  whole  surface. 

Thickness  Uniformities 

Thickness  uniformities  measured  In  OPUS  45  are  very  impressive  since  a  standard 
deviation  of  the  layer  thickness  of  only  0.24%  has  been  measured  on  a  6pm  thick 
CdTe  film  grown  on  a  2-inch  GaAs(lOO).  In  the  2300  machine  the  best  result  was 


0.6%  for  the  same  diameter. 


FIGURE 
Fig.  1 

Fig.  2 


CAPTIONS: 

10K  photoluminescence  spectrum  of  CdTe  on  GaAs(!00)  tilted  2° 
towards  <110>,  excited  with  a  50mW  Ar-Laser  at  514.5pm  wavelength. 
Scanning  electron  microscope  image  of  the  surface  of  two  CdTe 
layers  grown  on  Si  (a)  9204m  thick  CdTe  on  Si(100);  (b)  4pm  thick 
CdTe  on  Si(100)  tilted  8°  towards  <110>. 


Scanning  electron  micrograph  of  a  4.3um 
thick  layer  of  CdTe  on  GaAs(IOO)  2° off 
towards  <110>. 


Fig.  2 
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CONCLUSION 


It  is  clear  from  this  report  that  not  only  we  have  reached  our  goals  but  also 

that  our  achievements  have  gone  beyond  the  scope  of  the  contract  program.  The 

direct  growth  of  CdTe  and  HgCdTe  on  Si(100)  which  was  not  planned  is  certainly 
a  very  important  breakthrough  in  view  of  a  monolithic  approach  of  HgCdTe  FPAs. 

Stimulated  emission  observed  in  the  2-5pm  wavelength  range  for  Hg-based 
heterostructures  is  certainly  also  a  very  promising  achievement  since  the  threshold 
fo  the  lasing  action  is  much  lower  than  In  equivalent  III— V  compound  laser  structure. 

The  improvement  of  HgCdTe  epilayers  was  certainly  the  driving  force  of  this 

program.  The  formation  of  twins,  particularly  active,  in  the  <ill>  direction  has 

been  a  major  concern  to  the  Microphysics  Laboratory.  Therefore  we  are  very 

happy  to  have  been  able  to  identify  the  twinning  to  understand  the  complex 

twinning  mechanisms  and  finally  prevent  the  twin  formation.  It  has  been  very 
hard  to  achieve  it  but  the  payoff  is  high  since  at  the  end  of  the  contract  the 
state-of-the-art  in  the  laboratory  is  excellent  as  it  can  be  seen  from  the  results 
obtained  for  (211)B  orientation. 

Another  source  of  satisfaction  has  been  provided  by  our  success  in  making 

photodiodes  using  the  low  energy  ion  technique  developed  in  the  Microphysics 
Laboratory.  Not  only  the  technique  is  Inexpensive,  fast  and  reliable  giving  the 
laboratory  an  excellent  characterization  tool,  but  in  addition  it  might  provide  a 

technique  to  manufacture  IR  photodiodes. 

At  last  the  preliminary  results  obtained  on  OPUS  45  are  extremely  promising. 
However,  there  is  one  subject  of  disappointment.  It  concerns  the  p-type  doping 
of  HgCdTe.  It  is  fair  to  say  that  neither  in  the  MPLab  nor  elsewhere  has  a 
clean  and  elegant  solution  respecting  a  low  temperature  process,  key  parameter  in 
MBE  been  yet  found.  Our  scientific  activity  has  been  materialized  by  59  papers 
published  in  refereed  journals,  13  Invited  conferences  and  62  contributed  papers 
mostly  presented  at  International  meetings.  The  list  is  given  in  the  annex. 


SUMMARY 


t.  Rotation  twins  are  easily  formed  in  CdTe(lll)  and  HgCdTe(lll)  epilayers. 
In  addition,  reflection  twins  which  are  related  to  a  change  in  the  Hg  pressure  and/or 
the  surface  substrate  temperature  can  be  formed  during  the  growth  of  HgCdTe. 

A  careful  substrate  preparation  with  a  proper  thermal  cleaning  can  prevent  the 
formation  of  double  positioning  twins.  To  avoid  the  formation  of  reflection  twins 
a  stringent  control  In  the  stability  of  Hg  (±2.5%),  Te  and  CdTe  fluxes,  growth 
rate  and  surface  substrate  temperature  (±0.5%)  is  required,  which  is  very  difficult 
when  the  substrate  is  rotating.  Such  a  control  has  been  achieved  in  the  Microphysics 
Laboratory  and  twin-free  CdTe  and  HgCdTe(lll)B  layers  have  been  grown. 

A  comparison  between  HgCdTe  twinned  layers  and  twin-free  layers  shows  that 
electrically  active  acceptors  along  with  high  hole  mobility  are  associated  with  the 
presence  of  reflection  twins  In  HgCdTe.  Etch  pit  density  as  low  as  8x104cm"2  has 
been  counted  on  twin-free  HgCdTe  layers  which  are  two  orders  of  magnitude  lower 
than  EPO’s  of  twinned  layers.  From  annealing  experiments  ft  has  been  found  that 
a  residual  donor  doping  level  of  5xi015  -  2x1016cm"3  has  been  measured  In  both 
twinned  and  twin-free  HgCdTe  epilayers.  It  is  currently,  though,  that  this  residual 
doping  is  due  to  antisite  Te  atoms. 

The  MBE  growth  of  twin-free  HgCdTe(111)B  layers  while  the  substrate  is 
rotating  represents  a  major  accomplishment  in  the  field.  The  progress  achieved  in 
the  growth  in  the  (111)B  orientation  has  been  used  to  control  in  better  way  the 
growth  in  different  orientations.  Layers  grown  in  the  (211)B  orientation  under 
the  stringent  growth  control  required  for  twin-free  growth  in  (1 1 1)B  exhibit 
outstanding  properties. 

2.  The  growth  of  high  quality  epitaxial  layers  of  Hgi_xCdxTe  is  limited  by  the 
substrate  quality.  CdTe  and  CdZnTe  are  the  most  widely  used  substrates  for 
epitaxial  growth  of  the  Hg^.xCdgTe.  Unfortunately,  it  Is  difficult  to  produce  good 
single  crystals  of  these  materials  on  a  large  area  and  these  substrates  are  very 
expensive.  GaAs  and  Silicon  are  attractive  candidates  as  alternate  substrates  for 
Hgj..xCdxTe.  The  Microphysics  Laboratory  has  been  the  first  to  report  in  1984 
on  the  successful  growth  of  Hg^CdgTe  on  GaAs.  Since  then  it  has  recently 
been  demonstrated  that  it  is  possible  to  grow  Hg^CdxTe  with  excellent  uniformity 
on  a  full  2-Inch  GaAs  wafer.  With  a  thickness  uniformity  At/t  ■  0.6%  and  a 


composition  uniformity  Ax/x  =  0.7%  this  is  the  best  result  ever  reported  by  any 
growth  technique.  More  recently  it  has  been  demonstrated  that  twin-free  CdTe 
(111)8  layers  can  be  grown  when  using  a  misoriented  substrate  (2°off).  FWHM  of 
60  arcsecond  has  been  obtained  which  is  excellent  compared  to  the  40  arcsecond 
exhibited  by  commercially  available  CdTe  substrates.  On  a  0°  off  (lOO)GaAs  the 
average  FWHM  is  above  200  arcsecond. 

Silicon  is  an  even  more  attractive  alternate  substrate  than  GaAs  because  it  is 
(I)  available  in  larger  area  (ii)  it  is  less  expensive  (lii)  and  above  all  it  could 
eventually  become  possible  to  fabricate  large  area  monolithic  IR  focal  plane  arrays 
taking  advantage  of  the  well-developed  Si-integrated  circuit  technology.  However, 
one  severe  problem  with  this  heteroepitaxy  is  the  very  large  (19%)  lattice  mismatch 
between  CdTe  and  Si.  We  have  successfully  grown  CdTe(1l1)B,  CdTe(lOO)  and 
HgCdTe(111)B  on  Si(iOO)  which  to  the  best  of  our  knowledge  has  never  been 
reported  before.  This  result  represents  a  major  breakthrough  in  the  field  because 
it  opens  the  door  for  the  highly  coveted  monolithic  FPA’s  technology. 

3.  One  of  the  major  achievements  of  the  laboratory  is  related  to  understanding 

the  role  of  the  crystallographic  orientation  on  the  MBE  growth  process.  In  a 

first  step  we  have  observed  that  the  sticking  coefficient  for  Hg  changes  dramatically 

with  the  crystallographic  orientation  since  a  (1 1 1>A  face  requires  almost  10  times 
more  mercury  than  a  (1 1 1  )B  face  when  the  growth  occurs  at  190°C.  We  have  found 
that  such  a  difference  has  an  influence  on  both  the  Intrinsic  and  the  extrinsic 
doping  of  the  material. 

Experiments  carried  out  recently  on  the  incorporation  of  indium  during  the 
growth  of  HgCdTe  have  shown  that  whereas  in  the  (111)B  orientation  indium  is 
incorporated  in  the  metal  site  in  the  (100)  orientation  it  appears  that  it  Is  mostly 
incorporated  (nterstitlally. 

4.  The  MPLab  has  devoted  a  great  deal  of  time  to  understand  and  to  control 

the  intrinsic  doping.  Even  though  all  the  complex  relationships  between  grwoth 

parameters  and  intrinsic  doping  are  not  fully  understood,  appreciable  progress  has 
been  made.  It  is  currently  believed  that  the  residual  donor  doping  level  found  in 
MBE  layers  is  due  to  the  tellurium  in  antisite.  This  very  important  Information 
has  been  proposed  for  the  first  time  by  the  MPLab. 


5.  Impurities  mostly  substitute  the  metai  site  because  HgCdTe  MBE  growth 
occurs  under  tellurium-rich  conditions  therefore  Hg  vacancies  are  easily  formed. 
Indium  which  is  a  Group  III  element  has  been  found  to  be  an  excellent  donor 
whereas  Li  which  is  a  Group  I  element  has  been  found  to  be  an  acceptor  but  of 
no  practical  use  because  of  its  very  high  diffusion  coefficient. 

As  and  Sb  were  found  to  act  as  n-type  dopants  exhibiting  a  high  self-compensation 
in  HgCdTe  grown  by  MBE.  Photo-assistance  during  the  growth  using  a  Nd-YAG 
green  laser  pulsed  at  lOKhz  did  not  change  the  electrical  type  of  As  doped  HgCdTe. 
From  these  experiments  and  the  results  reported  by  other  groups  it  is  fair  to 
conclude  that  no  elegant  solution  has  been  found  yet  regarding  the  extrinsic  p- 
type  of  MCT. 

6.  We  have  investigated  the  effect  of  low  energy  ions  on  HgCdTe  and  found 
that  n-p  junction  is  formed  when  a  p-type  material  is  bombarded.  This  approach 
which  has  been  entirely  developed  in  the  Microphysics  Laboratory  is  currently 
used  to  fabricate  photodiodes  on  HgCdTe  grown  by  MBE  in  the  laboratory.  We 
have  found  that  this  method  is  not  only  inexpensive  but  also  fast  and  reliable. 
Photodiodes  fabricated  on  the  same  HgCdTe  epilayer  either  by  ion  implantation  or 
by  low  energy  ion  shows  the  same  performances  between  300K  and  77K.  Stable 
photodiodes  exhibiting  excellent  performances  have  been  already  fabricated. 

7.  The  value  of  band  discontinuities  in  HgTe-CdTe  and  related  heterojunctions 
such  as  Hg1_xCdxTe-Hg1_yCdyTe  has  been  the  object  of  extensive  research  and 
discrepancies  have  been  observed  between  magneto-optics  and  photoemission 
results.  Valence  band  discontinuity  value  is  of  extreme  importance  in  the  bandgap 
engineering  of  electronic  heterostructure  devices.  To  explain  these  discrepancies 
it  has  been  suggested  that  the  band  discontinuity  can  be  temperature  dependent. 
We  have  studied  this  temperature  dependence  by  XPS  and  UPS  and  we  have  found 
that  the  valence  band  discontinuity  AE  measured  equal  to  0.35  eV  at  300K  changes 
by  only  a  few  millivolts  between  300K  and  50K.  Recently,  Johnson  et  alt1)  have 
shown  that  a  HgTe-CdTe  Type  III  superlattice  while  becoming  semimetallic  with 
increasing  AEv  reverts  to  semiconducting  behavior  as  the  offset  is  increased  yet 
further.  By  coincidence,  observed  electron-cyclotron  mass  and  bandgap  can  be 
either  explained  with  AEv  *  40  meV  or  350  meV.  Cyclotron  resonance  experiments 
performed  on  a  novel  superlattice  HgZnTe-CdTe  have  shown  that  calculations 


using  a  small  valence  band  offset  can  account  for  the  in-plane  cyclotron  resonance, 
but  not  for  the  data  obtained  in  tilted  magnetic  field.  (2)  Therefore,  magneto-optics 
and  photoluminescence  are  now  consistent  with  a  large  valence  band  offset  AEv  of 
0.35  eV. 

It  should  be  pointed  out  that  regarding  this  very  important  issue  the  Microphysics 
Laboratory  has  played  a  major  role  since  1983  when  the  question  was  addressed 
for  the  first  time. 

8.  We  have  investigated  Hg1_xCdxTe  single  layers,  Hg^CdxTe/CdTe  double 
heterostructures  (OH)  and  separate  confinement  heterostructures  (MQWSCH)  grown 
by  MBE.  All  these  structures  have  shown  intense  photoluminescence  as  well  as 
stimulated  emission.  The  epilayer  and  the  OH  were  found  to  lase  continuously  up 
to  40K.  Stimulated  emission  was  observed  from  the  MQWSCH  under  pulsed  optical 
excitation  up  to  77K.  In  comparison  with  the  optically  pumped  III— V  semiconduc¬ 
tor  lasers,  the  threshold  input  optical  power  for  the  lasing  action  is  lower  in  this 
structure. 

9.  In  July  1989  a  new  MBE  machine  which  is  a  mass-production  MBE  prototype 
was  installed  in  the  Microphysics  Laboratory.  This  MBE  machine  exhibits  new  and 
important  features  such  as  the  capability  of  handling  a  5-inch  diameter  substrate 
or  any  other  combination  (3x2-inch,  llxl-inch),  improved  substrate  temperature 
uniformity,  improved  Hg  recovery  facility  and  new  cell  assembly  geometry. 

This  machine  has  been  installed  and  the  acceptance  test  performed.  The  first 
CdTe  layers  have  been  grown  on  2-inch  GaAs  and  SI  substrates.  Compared  to 
what  is  obtained  in  the  conventional  MBE  machine  CdTe  layers  grown  on  GaAs 
appear  to  be  more  uniform  and  of  much  better  crystal  quality  of  30-40%.  A 
standard  deviation  of  a  layer  thickness  of  only  0.24%  has  been  measured  for  a 
6pm  CdTe  epilayer  grown  on  a  2-Inch  GaAs(lOO)  substrate.  This  excellent  result 
attests  that  OPUS  45  Is  a  suitable  MBE  machine  to  grow  uniform  films  on  large 
area  substrate. 
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26.  Valence  Band  discontinuities  at  the  hetero junctions  between  CdTe,  ZnTe,  and 
HgTe  In  the  (100)  orientation  -  XPS  study  -  C.  Hsu,  R.  Sporken  and  J.P. 
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(Jan.  1988). 

34.  Electrical  and  optical  characterization  of  mercury  based  superlattices,  C. 
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